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EXECUTIVE SUMMARY
Introduction
The use of membrane filters to clarify and stabilise beer has been investigated by the 
brewing industry for over fifteen years. The principal barrier to the acceptance of the 
technology is low filtration rates. This is thought to be caused by particulate and 
macromolecular fouling in the membrane pores or on the membrane surface. If these 
fouling ‘layers’, and the mechanism of their formation, were understood then 
preventative measures could be employed. This would increase filtration rates and 
prolong times between cleaning cycles.
The driving force behind the investigation of this new technology is an environmental 
burden resulting from current filtration practices. The current filtration processes use 
a diatomaceous earth (kieselguhr) to remove particles and macromolecules from beer. 
Once the earth has been saturated with these materials it can no longer be used and is 
usually then disposed of to landfill. At the moment, recycling of this material is 
neither economically or environmentally attractive.
The process impacts on the environment in two principal ways. Firstly, the beer is 
filtered at -1°C, thereby consuming large amounts of energy. Secondly, there are no 
economical or environmentally viable recycling options for the spent earth and 
currently it is sent to landfill. The scale of the brewing industry results in this 
becoming a significant environmental burden. In 1992 it was estimated between 
656,000 and 765,000 tonnes of saturated kieselguhr sludge were produced by 
breweries world-wide [1]. Between this time and 1999, beer production had risen by 
-15% [2] without a viable alternative for the existing technology being found nor the 
discovery of a suitable use for the waste product. The situation has not improved 
since 1999.
The work presented in this portfolio for submission for the award of Doctorate of 
Engineering has concentrated upon the understanding of the membrane fouling layer 
and how it develops. Literature summarised in the 24 month dissertation [3] 
highlighted that there had been little work in the quantification of fouling layers
iii
_____________ Mark Taylor, Engineering Doctorate in Environmental Technology. Executive Summary
formed in the crossflow microfiltration of beer. The majority of the work in the first 
24 months concentrated upon developing a methodology to remove and quantify 
foulants deposited on the membrane layer when filtering a range of beers. This work 
was summarised in the 24 month dissertation [3] and subsequently published in a 
refereed journal [4]. Specific objectives of the work are stated in each dissertation.
The final 24 months of the project concentrated on understanding fouling layer 
development and investigating the existence of a sub-critical flux (defined in [5]) at a 
level that would enable crossflow filtration to compete economically with existing 
diatomaceous earth filtration. This work was carried out in a constant flux mode of 
crossflow filtration. Literature summarised in the 48 month dissertation [5] 
highlighted that little work had been carried out investigating beer filtration in a 
constant flux mode of operation. The approach has advantages in that it allows the 
deposition of foulants to be controlled and therefore the development of the fouling 
layer to be investigated quantitatively. Initial findings from these investigations were 
published in poster form at the Science, Engineering and Technology Conference, 
House of Commons, 2001.
Running parallel to investigations into the fouling by beer solids on crossflow 
filtration membranes, work was carried out for a membrane manufacturing company. 
This looked at the application of a novel membrane material. Evaluations were 
carried out using both a constant TransMembrane Pressure (TMP) and constant flux 
mode of operation. Reports submitted to the client are included in Volume 3.
Structure of Portfolio
The portfolio consists of three volumes. The principal documents are the 48 month 
dissertation and the 24 month dissertation. Additionally, included are all the six 
monthly reports submitted throughout the four-year project. These should be treated 
as “work-in-progress” documents. Where these reports do contain data contributing 
to the main body of work, they have been referenced in the relevant dissertations.
Publications made throughout the Engineering Doctorate Programme are included in 
Volume 2. Of most significance is the published paper in a refereed journal [4]. 
Initial findings from the final 24 months of investigation, published in poster form at 
the House of Commons, have also been included. Annual publications, made at the
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Engineering; Doctorate Conference, have not been refereed externally but have been 
included in the Portfolio. A full list and copies of all of publications are included in 
Volume 3 of the portfolio. Publications and earlier findings are included as 
appendices in many of the six monthly reports and in the 24 month dissertation. The 
nature of a portfolio submission results in a degree of repetition throughout.
The six monthly reports and, 24 month dissertation refer to planned visualisation work. 
It was hoped that such investigations could help in the understanding of the 
mechanisms of membrane fouling. Visualisation work has not been carried out as 
part of these studies. This was in part due to a change of emphasis towards 
investigations concerning a constant flux mode of operation and in part due to 
relocation problems with the Scanning Electron Microscope at Brewing Research 
International.
Portfolio Structure 
Volume 1 
Volume 2 
Volume 3
Summary o f Findings 
First 24 Months
The majority of findings from the first 24 months work are summarised in the 24 
month dissertation [3]. The work concentrated upon developing methodologies that 
would allow a fouling layer to be developed, removed and then analysed 
quantitatively. All are included within the dissertation with the exception of work 
developing the fouling layer removal methodologies. This is discussed in an earlier 
six monthly report [6].
Experiments to determine fouling layer composition were conducted on four different 
beers: i) a premium lager* ii) a standard lager*, iii) a commercial lager, and iv) a 
standard ale+. Fresh Millipore membranes, nominal pore size 0.45 pm, were fouled by
Executive summary and 48 month dissertation 
24 month dissertation, publications and membrane 
manufacturers reports 
Six Monthly Reports
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applying a Transmembrane Pressure of ~ 0.7 barg (lOpsig) at 0°C in an stirred, cell. 
Each beer was tested both pre- and post-centrifugation. In each experiment, the flux 
decline data was obtained and then the fouling layer was removed using a sonicator. 
The fouling layers were freeze dried and re-suspended in 0.1 M imidizole. They were 
then analysed for carbohydrate, polyphenols and protein. Unfiltered samples of each 
beer, both pre- and post-centrifugation, were also analysed using the same procedure. 
The flux decline data show that the presence of yeast enhances flux. Furthermore, the 
final fluxes obtained for the commercial beer were an order of magnitude greater than 
those obtained for the non-commercial beers. Where appropriate, analysis of the 
fouling layers revealed that for all beers polyphenol was present in disproportionately 
greater quantities than are present in the unfiltered beer, while carbohydrate was 
present in disproportionately smaller amounts. The data for Beers iii) and iv) also 
suggested that protein was present in disproportionately greater quantities. It was 
further concluded that, for all beers, the fouling layer consisted of both protein- 
polyphenol complexes and carbohydrate gels.
* - manufactured in the pilot plant at Brewing Research International.
Final 24 Months
Findings from the final 24 months of experimental investigations are discussed in the 
48 months dissertation [4]. This work drew upon findings and methodologies 
developed in the first 24 months.
Experiments were carried out using an unfiltered commercial lager-type product 
similar to beer iii) discussed in [3]. Filtrations were typically carried out using fresh, 
0.45 pm Millipore polymeric membranes in a specially designed crossflow channel 
and membrane mounting. All experiments were carried out using a constant flux 
mode of operation. Investigations were initially carried out at fluxes of 
50 litres m 2 hr !, 100 litres m"2 hr*1 and 200 litres m*2 hr*1, at crossflow velocities of 
0.38 m s 1 and 1.50 m s 1 and at 5°C. The beer used in the investigations had been 
centrifuged and cold-conditioned at the brewery. To investigate the influence of the 
presence of yeast in the feed, brewers yeast was dosed back into the beer to produce a 
yeast cell concentration of approximately 10 x 106 cells/ml. Four batches of the same 
beer were investigated at the same experimental conditions, two had yeast dosed back
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into them and two were yeast free. Each batch was originally collected fresh from the 
brewery.
It was not possible to confirm the existence of a sub-critical flux at the conditions 
investigated. Filtration kinetics, evaluated through TMP or resistance responses, 
showed significant increases as the filtration run progressed. Varying the flux and the 
crossflow velocity over the ranges studied impacted upon the filtration kinetics. Yeast 
had no discernible impact on the influences of flux or crossflow velocity.
Filtrate samples produced at all experimental conditions were evaluated using Photon 
Correlation Spectroscopy (PCS). The particle data produced suggested that all the 
samples were similar, regardless of operating conditions or feed. The samples 
produced were also similar to a sample of the same beer that had been filtered using a 
conventional diatomaceous earth filtration technology. Particle size data from PCS 
analysis of feed beer samples could not account for observed variations in filtration 
kinetics between the batches of beer.
The composition of the fouling layer deposited onto the membrane was evaluated. 
Fouling layers were formed at a flux of 50 litres m'2 hr*1, crossflow velocities of 
0.38 m s '1 and 1.50 m s'1 using two new batches of the same beer. One of these 
batches had yeast dosed back into it. Filtration runs proceeded until the TMP reached 
its maximum value of 2.7 bar. Fouling layers were removed using a sonicator and 
either suspended in distilled and de-ionised water or freeze dried and re-suspended in 
a 0.1M solution of imidizole. Resulting solutions were analysed for carbohydrate, 
protein and polyphenol. Fouling layers pre-treated by freeze-drying and imidizole re­
suspension had compositions that were very similar to those seen in the earlier work 
[3, 4]. Carbohydrate was the principal foulant and protein and polyphenol were 
present in the layer in concentrations greater than observed in the corresponding feed 
beer. This suggested preferential deposition of protein and polyphenol and the 
probable deposition of both carbohydrate gels and protein-polyphenol complexes in 
the fouling layer. There were few differences between the layers formed 0.38 m s '1 
and those formed at 1.50 m s’1. Similarities between these layers and the 
compatibility with the earlier work suggested that mode of crossflow operation and 
hydrodynamic regime also did not have a significant influence on the type of foulants 
deposited.
vii
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Comparison between assays carried out on repeated layers that were subjected to 
differing methods of pre-treatment indicated that freeze-drying and imidizole re­
suspension may have inhibited carbohydrate analysis but also promoted detection of 
protein and polyphenol.
Variations in the composition of the fouling layer as the filtration run proceeded were 
investigated at 50 litres m’2 hr*1 and 0.38 m s"1. The filtration was carried out using 
another batch of the same beer; yeast was not added back. Filtration runs were 
stopped after 30 minutes, after a TMP of 1.0 bar was reached and after a TMP of 2.7 
bar was reached. With the exception of protein, the same proportions of foulants were 
deposited. The proportion of protein deposited grew greater as the filtration run 
proceeded. Typically, the proportions of carbohydrate, protein and polyphenol 
deposited were consistent with all earlier studies. The total mass of foulants deposited 
appeared to increase as the filtration run proceeded. Foulant was quantified on the 
membrane after 30 minutes filtration time. This was despite no observable increase in 
TMP or resistance.
Filtrate samples were analysed using PCS. Samples of filtrate produced after 30 
minutes of filtration time had slightly wider particle size distributions and larger 
effective particle diameters. This suggested that layer development may play a role in 
particle retention.
Final studies concerned the application of a larger pore sized membrane. Filtration 
kinetics, fouling layer compositions and filtrate quality were compared for 1.20 pm 
membranes and 0.45 pm membranes. The membranes were sourced from the same 
manufacturer, Millipore, were polymeric and were made of the same material. 
Performance was compared at a flux of 200 litres m"2 hr"1 crossflow velocity of 
0.38 m s*1 and at 5°C. The filtration kinetics showed that the 1.20 pm membrane 
would permit considerably greater filtration runs, both in terms of time and processed 
filtrate volume for a comparable TMP or resistance value. The composition of the 
fouling layers produced on both 0.45 pm and 1.20 pm were very similar and 
comparable to those found throughout. A slightly greater mass of foulant was 
removed from the 1.20 pm membrane but the 0.45 pm membrane contained a slightly 
greater proportion of protein.
viii
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To aid interpretation of filtrate quality, as determined using PCS, an additional study 
was carried out investigating the relationship between the PCS data, haze values as 
determined by the brewer and colliodal stability (expressed as changes in haze over 
time). A proportional relationship was found between particle concentration and 
effective particle concentration (as determined using PCS), haze arid colliodal 
stability. Results from analysis of filtrate samples produced using both membranes 
suggested that the beers produced were within the limits of commercial acceptability.
Recommendations and Future Work
Work over the past 24 months has clearly demonstrated the potential for using a 
constant flux mode of crossflow filtration operation to investigate fouling layer 
compositions and fouling layer development. The approach could be used to 
investigate fouling layer development in other areas of crossflow filtration research.
From a brewing perspective, the constant flux mode of operation offers several 
advantages over a "traditional" constant pressure mode of operation. The approach 
does not require the brewer to take a "leap-of-faith”, i.e., hoping that the asymptotic 
values reached in such a system may meet their required filter throughput. Flux levels 
can be controlled to minimise fouling and/or meet consumer demand, whatever is the 
current priority. In this way, a constant flux mode is also very similar to the current 
practices employed in diatomaceous earth filtration in which throughput is traded 
against quality and cost issues.
In all experiments, TMP or resistance increased as the filtration runs progressed. The 
mechanism by which this increase took place was not investigated directly by 
experimentation. It would be of interest to study the fouling mechanism in more 
detail using visualisation techniques or through an extensive parameter study. Of 
particular interest would be the condition of the fouling layer.
Potential flux enhancement approaches have not been investigated as part of this 
study although clearly they would have a role to play in any large-scale industrial 
application. Investigations using novel membrane material, presented in Volume 3, 
highlight the potential role for new approaches in the application of the technology.
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This study was successful in the broad classification and quantification of foulants 
deposited as the membrane fouled. Of potential worth may be a more detailed 
investigation into the specific types of foulant deposited, particularly within the 
carbohydrate fraction of the layer. High Performance Anion Exchange 
Chromatography (HPAEC) is one suggested technique that could be employed to 
achieve this. A detailed understanding of the carbohydrate foulants could lead to 
upstream changes in the brewing process or a targeted enzymatic pre-treatment of the 
feed beer in order to minimise any filtration problems.
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ABSTRACT
The investigations presented have concentrated upon the development of a constant 
flux crossflow filtration system to investigate the fouling by beer solids on 
microfiltration membranes.
Existence of a critical flux at an economically viable level could not be confirmed by 
experimentation. Flux was varied over the range 50 litres m"2 hr'1 to 
200 litres m'2 hr'1, at crossflow velocities of 0.38 m s'1 and 1.50 m s'1. All filtrations 
were carried out using a lager-type beer obtained from a local brewery. This beer had 
been centrifuged and cold-conditioned at the brewery. Where appropriate, to 
investigate the influence of yeast, yeast was dosed back into the feed beer. All 
filtrations were carried out at 5°C.
Fouling layers removed from the polymeric membranes employed in all the filtrations 
were very similar to those found when filtering the same beer in a constant pressure 
mode of operation using a stirred cell [1, 2], Carbohydrate, protein and polyphenol 
were all quantified in the removed fouling layers. Carbohydrate was found in the 
most significant quantities, typically making up 55 % to 65 % of the total weight of 
the fouling layer. Protein and polyphenol were present in much smaller quantities but 
typically their proportion in the fouling layer was greater than that found in their 
corresponding feed beer. This suggested that protein and polyphenol were deposited 
preferentially at the membrane surface. Crossflow velocity, flux, yeast and membrane 
pore size all had little influence on the composition of the fouling layers over the 
ranges investigated.
To investigate layer development, fouling layers were removed and analysed after a 
range of filtration steps. The proportions of carbohydrate and polyphenol found in the 
fouling layer did not vary significantly as the layer developed. The proportion of 
protein in the layer increased as the fouling layer developed. A determining step in 
fouling deposition could not be confirmed by quantitative foulant analysis.
In all experiments, the quality of the filtrate, determined through Photon Correlation 
Spectroscopy (PCS) was comparable to that achieved through filtration o f the same 
beer using conventional diatomaceous earth filtration technologies.
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CHAPTER 1 -  INTRODUCTION
The work carried out over the first two years of this Engineering Doctorate 
investigated the fouling of membrane filters by beer solids in a simulated crossflow 
environment. This work was discussed in detail in the 24 month dissertation [2] and 
findings from the work have been published in a refereed journal [1]. These studies 
were carried out in a constant TransMembrane Pressure (TMP) mode of operation. 
This was consistent with the majority of studies carried out into the application of 
crossflow filtration in the brewing industry. Relevant publications are summarised in 
the literature summary chapter of the 24 Month Dissertation.
When operating in a constant TMP mode of operation establishing a fouling layer was 
unavoidable. It developed during the initial fouling period represented by the 
observed rapid decline in flux. Only when the system reached the dynamic 
equilibrium, occurring at the asymptotic flux value, did the membrane fouling layer 
stabilise. Studies have suggested that this layer may act as a 'secondary membrane', 
removing even finer particles and macromolecules. Although fouling resulted in 
unacceptable fluxes for the brewing industry, it may actually have had a desirable 
effect on the filtrate quality. Post-filtration, it is desirable for the beer to remain clear 
for lengthy time periods. Such a property is referred to as colloidal stability. 
Colloidal stability is a complex property and dependent on a large number of different 
factors, the principal ones being macromolecule concentration, post-filtration storage 
temperatures and filtrate oxygen concentration. Protein and polyphenol are the two 
classifications of beer macromolecule which are most commonly associated with 
colloidal stability problems [3 - 7], These two classes readily form complexes which 
can then be precipitated from the beer to form a haze. Fouling layers formed on the 
membrane surface may aid in the removal of such complexes.
The investigations, presented in this document, used an alternative mode of operation. 
Filtrations were carried out at a constant flux (or throughput). In a constant flux 
system, flux and crossflow velocity remain fixed and TMP was allowed to vary. The 
dynamic between TMP and time or TMP and cumulative filtrate volume represent the 
filtration kinetics of the system. Similar to a constant TMP mode of operation, the 
kinetics will be dependent upon the system hydrodynamics, physical properties and 
chemical properties.
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Operating in a constant flux mode has a number of advantages. By controlling the 
flux, the initial high fouling period observed in a constant TMP mode can be avoided. 
It is therefore possible to control the level of membrane fouling very accurately. 
Dependent upon system conditions, it should be possible to operate at a constant flux 
which results in no foulant deposition. Theoretically, there exists a flux at which 
there should no net deposition of foulant at the membrane surface; the rate of back- 
diffusion is equal to the rate of fouling. As the membrane is not pre-fouled, the flux at 
which this occurs in constant flux mode should be higher than the asymptotic flux in 
constant TMP mode. The flux at which this phenomenon occurs is referred to as 
'Critical Flux' and the concept will be discussed in more detail in Chapter 2.
Functioning in a constant flux mode has operational benefits for brewery applications. 
Currently, most brewers operate the conventional diatomaceous filters in a constant 
flux mode and are therefore very familiar with the concept. It also enables the brewer 
to modify the flux to meet demand or to respond to changes in the filtration properties 
of the beer. A constant TMP mode of operation would require the brewer to hope that 
the asymptotic flux reached would be sufficient to meet demand. In constant flux 
mode the brewer can adjust throughput. However, at levels above the theoretical 
critical flux, increasing flux would result in membrane fouling leading to an increase 
in TMP. Although a problem, operating at high fluxes can still be practically 
managed with brewers employing membrane cleaning as soon as the maximum TMP 
had been reached. Using this approach, and with two crossflow systems operating in 
parallel (one on a cleaning cycle whilst the other is filtering), the brewers could have a 
feasible alternative to their current practices.
It was the aim of this phase of the project to study the fouling of beer solids on 
crossflow filters in a constant flux mode of operation. Very little work on beer has 
been carried out in this mode of operation and no studies have been published using a 
real pre-filtration beer. Existing studies were summarised in Chapter 2. The specific 
objectives of the work were:
• Develop an appropriate experimental system such that unfiltered beer can be 
investigated in a constant flux mode of operation. Use this system to study the 
filtration kinetics produced when filtering beer at operating conditions that would
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make the technology a commercially viable alternative to existing technologies. 
The existence of a critical flux at an economically viable level can be assessed. 
The experimental system may also be used to investigate the quality of the filtrate 
produced by the system and to compare that to the filtrate produced from 
conventional diatomaceous earth filtration processes.
• To use the constant flux mode of operation to investigate the composition of 
membrane foulants. Of particular interest would be any variation between the 
layers formed at constant TMP and those formed at constant flux. The influence 
of process parameters on the composition of the layer and removal of protein- 
polyphenol complexes can be studied. The constant flux mode will also enable 
variations in the composition as the layer develops to be investigated.
• To understand and improve system performance. Drawing from results from 
the first two objectives of the study it was proposed to improve system 
performance. It was proposed to do this by maximising throughput whilst 
minimising membrane fouling and maintaining filtrate quality.
This document will detail the experimental apparatus and methodologies used to 
achieve these objectives: All experiments were carried out using a real beer obtained 
pre-filtration from a commercial brewery. As a consequence, the feedstock was both 
dynamic and variable. The influence of feed beer variations was examined and will 
be discussed.
A detailed investigation into the composition of membrane foulants in a constant flux 
mode of operation was carried out. This study will yield information about the nature 
of membrane fouling.
Improving the system's performance involved an assessment of both the system 
filtration kinetics and the quality of the filtrate produced. Methodologies employed to 
do this will be introduced, their applicability investigated and the results discussed.
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CHAPTER 2 - LITERATURE SUMMARY
2.1. Introduction
The majority of published studies into a constant flux mode of operation have 
concentrated on investigations into the critical flux phenomena [8-25]. They have 
concentrated on critical flux definitions [8, 9, 12, 19] and experimental approaches for 
critical flux determination [11-14, 17, 18]. Although the use of a constant flux mode 
of operation to investigate fouling mechanisms has been recommended [9], few 
studies have yet to be published [12, 17, 18, 26]. No detailed publications on the 
fouling of beer solids on microfiltration membranes in a constant flux mode of 
operation have been produced.
This literature summary will discuss the critical flux concept and look at how it can be 
influenced by variations in process parameters. An understanding of the response of 
critical fluxes to process variables will aid understanding of membrane fouling 
mechanisms at constant flux. The limited studies into the industrial application of the 
constant flux mode of operation will be reviewed [19, 20, 23, 24].
The limited amount of published data in this field and particularly the lack of detailed 
investigations into the application of a constant flux mode of operation to study 
membrane fouling mechanisms is noted. Where appropriate any anomalies in the 
published data have been highlighted.
Detailed reviews of the published literature on beer crossflow filtration, membranes 
and the application of membrane filtration in the brewing industry are included in the 
24 month dissertation (Volume 2) and 6, 12 and 18 month reports (Volume 3).
2.2. Critical Flux
Critical flux can be broadly described as the flux at which the rate of convection of 
foulant towards the membrane is equal to the back diffusion of foulant into the bulk. 
When operating below critical flux, there should be no net gain in foulant and 
theoretically, filtration can occur for an infinite time-period. Specifically, critical flux 
can be defined as the limiting value at which this dynamic situation exists. Fluxes 
greater than the critical flux value result in significant foulant deposition.
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Experimentally, authors [1-18] have defined two types; the strong and the weak (or 
mild) critical flux. Their definitions are derived from the general equation describing 
flux decline in membrane filtration systems:
TMP = TMP _ TMP 
_ mR , “  n(Rm 4 ^ )  ”  H(Rm+^,> +i?r)
where J is permeate flux (m s’1), TMP is the system transmembrane pressure (Pa), p. is 
permeate viscosity (Pa s) and Rt (m’1) is total fouling resistance. Rm is the clean 
membrane hydraulic resistance (m'1). Rf is the sum of both irreversib le^) and 
reversible(Rr) fouling components (m"1). Reversible fouling is commonly thought to 
be predominantly surface fouling and polarisation. Irreversible fouling may include 
in-pore fouling, absorption and adhesion to the membrane.
In a constant flux mode of operation both J and Rm are fixed. Variations in TMP will 
therefore be representative of membrane fouling and an increase in Rf. In general, 
therefore, the critical flux can be defined at the flux rate at which there is no 
observable increase in TMP over time. However, it is at this point that the strong and 
weak definitions of critical flux differ. Strong critical flux is defined as the flux at 
which there is no increase in TMP and the TMP value is the same as that observed 
when filtering pure water at exactly the same operating conditions. From equation (1) 
strong critical flux can be defined as the flux value at which R/*= 0. Weak critical 
flux can be more simply defined as the maximum flux value at which TMP does not 
increase over time. There may be a difference between the TMP at this flux and the 
TMP when filtering pure water. Weak critical flux also has a second criterion; upon 
reduction of the flux from the critical value there should be no hysteresis in the TMP 
response. From equation (1) weak critical flux can be defined as the flux value at 
which Rfis constant over time and R/> = 0.
In practice, the common experimental method of determining critical flux involves 
operating at one flux level for a predefined period of time. If the TMP does not 
increase over that time-period then the flux is again increased. This is repeated until 
the TMP increases during the fixed flux filtration period. The highest flux at which 
TMP did not increase is defined as the critical flux.
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A TMP vs. flux response can also be used to determine critical flux Critical flux will
be exceeded as soon as the pressure begins to increase disproportionately as flux 
increases. Examples of both the strong and weak versions of critical flux determined 
using this method are shown in Figure 2.1(a) and 2.1(b).
Figure 2.1.: Graphical representation of the strong and weak critical flux concepts
(based on figures in [12])
The TMP vs. flux response curves have been used by the majority of authors to 
determine critical fluxes [9-17, 23, 25]. The problems of accurately determining the 
point at which the TMP vs. flux curve deviates from the linear response were 
highlighted in the literature [25].
Three published studies have looked as using different methods to determine critical 
flux. Kwon et al, 2000 [14] looked at particle deposition rates based on a mass 
balance approach. Critical flux was calculated from a linear regression of the 
deposition rate vs. flux responses. Critical flux could not be determined by direct 
experimentation. These data did not confirm the existence of a flux rate at which there 
was no particle deposition. In an earlier study Kwon et al, 1998 [13], also looked at 
particle deposition rates when filtering at constant flux. This study suggested that 
particles could be deposited onto the membrane without influencing the TMP.
Li et al, 1998 [17] looked at the determination of critical flux through direct visual 
assessment of the membrane. These data suggested that visual assessment could not 
consistently predict critical flux. This was due to small particles, out of the resolution
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of the visualisation device, fouling membrane pores and influencing the TMP 
responses.
2.3. Influence o f  Process Parameters on Critical F lux
2.3.1. Crossflow Velocity
Several authors have reported that increasing the crossflow velocity would lead to an 
increase in the system critical flux [11, 12, 15, 17, 18]. The majority of these studies 
were carried out using monodisperse particle based systems in the size range 0.1 pm 
to 12 pm. It was proposed that the increase in critical flux could be explained by an 
increase in back-diffusion from the membrane surface promoted by shear. Similar 
responses have also been observed in polydisperse and macromolecular systems [19, 
24].
In a study on a complex macromolecular particle system it was suggested that it was 
not purely crossflow velocity that had an influence on the critical flux [24]. It was 
postulated that the critical parameter was a ratio of permeate flux and wall shear rate. 
The authors suggested that there existed, for any given system, .a critical value of the 
flux/wall shear ratio. Above the ratio foulant would be consolidated due to 
compressibility, increasing TMP’s and the development of irreversible fouling. 
Below the ratio it was suggested that the hydrodynamic regime established prevented 
significant foulant build-up.
Authors have also discussed the role of crossflow velocity in the establishment of a 
dynamic fouling layer based upon a rolling particle model [17]. The presence of a 
dynamic highly reversible rolling fouling layer was suggested to explain the 
difference between strong and weak critical fluxes. The layer, although temporary, 
resulted in some resistance; explaining differences between the investigated system 
pressure responses and those observed when filtering with clean water. It was 
proposed that the rolling fouling layer concept was promoted by an increased 
crossflow velocity.
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2.3.2. Particle sizes, particle size distribution and particle concentration.
Several authors have reported, a reduction in particle size results in a lower critical 
flux [13, 14, 17, 19]. It was suggested that for particles greater that 1pm this was due 
to shear induced effects being reduced as particle size was decreased. For sub-micron 
particles it was suggested that the back-diffusion mechanism was no longer shear 
dependant but was dominated by the electrostatic and chemical interaction between 
the particle and membrane [14, 22]. Despite this suggestion, reported studies on 
macromolecular and sub-micron systems still showed critical flux increasing as 
crossflow velocity was increased [15, 19, 24].
It was shown that increasing particle or macromolecule concentration resulted in a 
reduction in critical flux [12, 15, 16, 23, 25]. This was found for both monodisperse 
and polydisperse systems containing either or both particles and macromolecules. It 
was found to occur with membranes ranging from nano through to micro filtration 
sizes. The reduction in critical flux was explained by an increased probability of 
membrane fouling at a higher feed concentration.
In studies that discussed investigations using feeds with a wide particle size 
distributions [8, 9, 17], it was reported that the smaller particle were deposited 
preferentially at the membrane surface. This resulted in a difficulty in establishing a 
strong critical flux [8, 15, 17, 18] and may lead to problems in establishing any 
critical flux value at all [10].
2.3.3. Membrane Pore Size, Pore Size Distribution, Physical and Chemical 
Properties
It has been reported, providing all other variables can be de-coupled, increasing 
membrane pore size had no influence on critical flux [13]. Given a constant flux, it 
was postulated that the macroscopic level of drag exerted onto the foulants would be 
constant, therefore explaining the results. This theory was accepted by other authors 
[11, 16] despite their observations of critical flux varying over a range of membrane 
pore sizes. These variations were explained by variations in membrane surface 
chemistry and by localised areas of high flux caused by wide membrane pore size 
distributions. Problems caused by localised high fluxes were also used to discuss 
apparent particle deposition when operating below critical flux in a visual study of
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membrane fouling [17, 18]. It was calculated that local fluxes may vary by over 20%; 
resulting in critical fluxes being surpassed.
The influence of both the membrane physical and electrostatic properties were used to 
discuss the variation in critical fluxes of two nano-filtration (NF) membranes of 
similar pore sizes [23]. It was suggested that when filtering a polysaccharide solution, 
lower critical fluxes, achieved with a NF membrane of an identical pore size, could be 
explained by an increased membrane porosity and increased hydrophobicity.
In a study of membrane performance over a wide range of zeta-potentials using sub­
micron particles and ceramic microfiltration membranes, the critical flux was found to 
remain constant as zeta-potential varied [25]. In an alternative study [13] critical flux 
was found to vary by over 100% as zeta-potential changed. As the two systems 
differed significantly and it is difficult to draw any general conclusions regarding the 
role of membrane physical and chemical properties on critical flux values.
2.4. Using constant f lu x  mode o f operation to study membrane fouling
Fradin & Field, 1999 [12] studied membrane fouling operating at fluxes greater than 
the critical flux. In a high concentration (~5 Wt.%) particulate system and 
microfiltration membrane they observed TMP rapidly increasing immediately after 
beginning the filtration run. As the filtration run progressed, the TMP then began to 
stabilise and reached a constant steady-state value. The studies suggested that 
increasing the constant flux resulted in an increase in the rate of initial TMP change 
and also resulted in a higher steady-state TMP. Increasing crossflow velocity at a 
fixed flux resulted in less deposition and a reduction in TMPs. Field et al, 1995 [9] 
also reported a similar shape TMP vs. time responses when filtering high 
concentrations of yeast (~5 Wt.%) in water. Klein et al, 1999 [26] investigate particle 
deposition using a constant flux mode of operation but did not report on TMP 
responses.
Ahri and Song, 2000 [20] reported a different shape TMP vs. time response when 
operating over a range of fluxes. At what was assumed to be sub-critical flux, TMP 
remained constant for a significant time-period before increasing rapidly. Increasing 
the flux resulted in the time-period before TMP increase being reduced until it was
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almost insignificant, TMP then increased rapidly. No detailed explanation of the 
responses was provided. The filtration system employed was microfiltration of 
wastewater containing a mixture of particles and macromolecules. Similar shape 
TMP responses have been observed by Chen et al, 1997 [15] during the ultrafiltration 
of BSA at constant flux.
The results discussed above [15, 20] lead to questions about the conventional method 
of critical flux determination. In these conventional critical flux evaluations, flux was 
increased in steps and TMP is monitored to ensure a constant level. The flux 
continued to increase until the TMP increased disproportionately to the flux applied. 
If the time for which TMP is monitored before flux was increased was small (where 
reported this is typically 10 to 30 minutes), these data [15, 20] would suggest that it 
would be difficult to be certain that the flux values actually assessed where truly sub- 
critical. This is because of the lag in the TMP response. Significant particle 
deposition during constant flux filtration without a corresponding increase in TMP has 
been reported by several other authors [13, 14, 17, 18]. Li et al, 1998 [17] reported 
via direct observation that when operating at certain flux values, particles were 
deposited onto the membrane but these did not relate to an increase in TMP. 
Deposition of particles without an increase in TMP, using a mass balance approach 
has also been observed [13, 14]. These data support any suggestions that there may 
be a time-lag before any TMP increase due to the development of a fouling layer with 
any significant hydraulic resistance.
In the visualisation studies o îLi et al 1998 [17] a number of observations were made 
of particle motion at or close to the membrane surface. Particles (3 to 12 jim) could 
be observed approaching the surface and being diffused back into the bulk by shear; 
rolling along the membrane surface until another particle deposit was reached and 
then sticking; forming rolling layers which move along the membrane in the direction 
as bulk flow.
Kuiper et al, 1998 [21] report the findings of investigation into the performance of a 
super-low fouling membrane when filtering beer for yeast cell separation at constant 
flux. The results published suggested that fluxes of up to 4000 litres m"2 hr"1 were 
sustainable for 5 hours at negligible TMPs (-0.02 bar). No further experimental
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details were provided nor was any information regarding the beer used in the 
experiments.
2.5. Conclusions
No detailed studies have been published into the constant flux microfiltration of beer. 
The majority of studies using a constant flux mode of operation have concentrated on 
the determination of critical flux. Of particular relevance to my investigations are the 
variations observed in the filtration kinetics when filtering at fluxes greater than the 
critical value. In certain situations, the responses produced a horizontal asymptote, 
consistent with tangential shear limiting fouling layer development. In other 
situations the TMP continued to increase throughout the filtration run. None of the 
literature investigated had used a constant flux mode of operation to limit fouling 
layer development and then to study variations in the composition of the fouling layer.
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CHAPTER 3 - MATERIALS AND METHODS
3.1. Introduction
This chapter describes the membrane module and membrane filtration rig used in 
investigations into the constant flux filtration of beer. The specifications o f both the 
membranes and the beers used in all investigations are described.
The investigations fall into three distinct parts:
• P art 1: A general investigation into the influence of crossflow velocity, flux and 
the presence of yeast on the crossflow microfiltration of beer at constant flux.
• P art 2: A study into the materials forming the membrane fouling layers
• P art 3: Improvements to the constant flux filtration process; aiming to minimise 
membrane fouling whilst maintaining high quality filtrate.
This chapter also outlines all the experimental methods and conditions employed in 
the investigations above.
3.2. Membrane Module
A membrane module was specifically designed for the constant flux experiments. It 
consisted of a flow channel in which three membrane supports were mounted. Each 
support was able to hold a membrane disc, 47mm in diameter. The total membrane 
area available for filtration was 43.6 cm2. The membrane supports were mounted in a 
flow channel, 3 mm high, 50 mm wide and 500 mm long. The three membrane 
supports were positioned as close to each other as possible to minimise the impact of 
TMP variations caused by pressure drop as the retentate flowed along the channel. 
Figures 3.1. and 3.2. show both the membrane supports and their mounting and 
sealing methods into the flow channel. Figure 3.3. shows the dimensions o f the flow 
channel and the composite pieces which, when bolted together, form both the flow 
channel and the entire membrane module. The composite pieces forming the 
membrane module and flow channel were asessembled and sealed using neoprene 
gaskets. Where appropriate, these gaskets were recessed in to the module to ensure 
that the exact dimensions of the flow channel could be generated accurately and
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repeatedly. The membrane module and membrane supports were machined from 
nylon. Pressure testing of the membrane module with water showed that it was 
capable of withstanding pressures of 3 barg.
Variations in the particle and macro molecule concentration of the feed, as it passed 
over the three individual membrane areas, were assumed insignificant. This was 
because the rate at which filtrate was passing through the membrane was small in 
comparison to the rate of retentate/feed re-circulation through the channel (typically 
60 to 600 litres hr"1 in the retentate line compared to 0.1 to 0.5 litres hr"1 in the 
permeate line).
Problems with liquid mal-distribution over the membrane were assumed insignificant. 
Figure 3.4. shows the physical appearance of the three membranes after fouling at 
constant flux of 50 litres m'^hr'1 and crossflow velocity of 0.38 m s"1. There was no 
evidence of any mal-distribution problems. This result was typical of all the fouling 
experiments carried out.
3.3. Constant Flux Crossflow Filtration Rig
The membrane module was mounted in the experimental rig as shown in Figure 3.5. 
Figure 3.5. is a simplified flow diagram of the constant flux crossflow filtration rig.
The experimental rig was set up to operate in a constant flux mode of operation. 
Fluxes were set at the required level based upon a water calibration of a variable 
pump speed. The pump used withdrawing this flux was a Watson-Marlow, RH Flow 
Inducer, type MHRE-200 (Peristaltic) with 1.6mm bore, 1.6mm wall thickness 
platinum re-enforced silicone tubing (Watson-Marlow). The actual fluxes were 
confirmed by weighing the filtrate onto a specially designed balance. Readings from 
the balance were recorded and processed using VIPS data collection software linked 
to a PC. Actual flux rates were checked continuously. As the system TMP varied, the 
required flux was maintained by slightly adjusting the pump speed during the 
experiments.
Feed beer was re-circulated over the membranes surface using a Hilge (Type HYGIA- 
SUPER-T/25A) centrifugal pump rated at 2 m3 hr"1 and 2 barg. The flow rate of beer 
entering the module was measured using a Burkert flow meter, type ST30/00030
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connected,to a digital display. Both the total flow and feed pressure could be 
controlled accurately through a combination of the speed control of the centrifugal 
pump via an inverter and by applying a back-pressure to the re-circulation loop using 
a control valve. The module inlet and outlet pressures were monitored on 0 to 6 barg 
WIKA pressure gauges. Permeate pressure was measured and logged using a 0 to 6 
barg pressure transducer connected to the VIPS data collection software and PC. 
Both the permeate pressure readings and cumulative filtrate weight were collected 
through the data collection software during each filtration. Permeate pressure was 
corrected for pipe losses and variations in hydrostatic pressure prior to determination 
of the actual TMP. TMP was calculated using the following equation (2):
(p - p  )
TMP = ^ \ - -^ _  (2)
Where Pm (barg) was the membrane module inlet pressure, P0ut (barg) was the 
membrane module outlet pressure and Pperm was the corrected permeate line pressure.
Temperature was measured at the inlet to the module using a Type-K thermocouple 
linked to a CLR9000 temperature controller. This controller regulated flow of the 
ethylene glycol to the heat exchanger using the on-off control of a solenoid valve. 
Ethylene glycol was obtained directly from the pilot brewery supply at BRI and had a 
typical temperature of -3°C and feed pressure of 1.8 barg.
It was assumed, that providing significant quantities of filtrate were not removed from 
the system, the overall feed particulate and macromolecule concentration remained 
constant during any one test. Based on this assumption, it was deemed unnecessary to 
re-circulate the filtrate. In these data the ratio of filtrate volume to retentate volume 
was typically 1:250.
The filtration area used in these experiments was small (less than 50 cm2) and the 
retentate/feed volume was large (approximately 50 litres). It was therefore assumed 
that any variations in feed particulate and macromolecule concentration due to 
membrane deposition were also insignificant.
Page 14
Mark Tavlor. Eng.D. 48 Month Dissertation: CHAPTER 3 -  Materials and Methods
Any observed variability in feed particle size distributions and the impact of this on 
the membrane filtrations will be discussed in Section 5.1.3.
In all experiments, the crossflow filtration module and the rig were completely sealed. 
Oxygen pick-up was negligible. Retentate/feed oxygen concentrations were measured 
continuously using an Orbisphere oxygen meter. Prior to commencing any filtration, 
the experimental rig was purged with CO2 for 15 minutes. In all experiments the 
oxygen concentration did not exceed the brewery limits of 150 ppb.
3.4. Test Materials
3.4.1. Membranes
In experimental Parts 1 and 2 (see Sections 3.8.1. and 3.8.2.) fresh Millipore disc 
membranes were used. These were of a nominal pore size of 0.45 \im. The 
membranes were manufactured from mixed esters of cellulose, were positively 
charged and hydrophilic and were 47 mm in diameter. One membrane was used in 
each support.
In experimental Part 3 (see Section 3.8.3.), fresh Millipore disc membranes were also 
used. These had nominal pore sizes of both 0.45 pm and 1.20 pm. They were made 
from mixed esters of cellulose and had the same properties as the membranes 
described above.
3.4.2. Beers
In all experiments, the beer used was a commercial lager-type beer obtained from a 
local brewery. The beer was collected from the cold conditioning tank in the brewery. 
This beer had been centrifuged at the brewery, post-fermentation. The residual yeast 
concentration was negligible. Beer with this degree of processing is directly 
representative of the beer currently filtered using the conventional diatomaceous filter. 
Beer was collected on a weekly basis, experiments on any one given batch of the beer 
were carried out within a five day period. Between experiments the beer was stored 
anaerobically at 4°C. Before each experiment, the beer was well mixed on a keg 
roller prior to transfer to the crossflow filtration rig.
Page 15
Mark Taylor, Eng.D. 48 Month Dissertation: CHAPTER 3 -  Materials and Methods
To simulate a brewing process without a centrifuge, experiments were carried out 
using the post-cold conditioning beer with added yeast. In these experiments, re­
suspended, dried, brewers yeast was added back to the post-cold conditioning beer. It 
was added back to produce a beer containing 0.2 Wt.% yeast. This produced a yeast 
concentration in the beer of approximately 10 x 106 cells/ml. This was determined 
using a Coulter Counter Multisizer II and is typical of yeast concentration in an 
uncentrifuged but conditioned product.
The typical properties of the beer are shown in Table 2.1. Typical particle size 
distributions are presented in Figures 3.6 and 3.7. For simplification, post-cold 
conditioning beer will be referred to as PCC-NY (-NY: No Yeast). Post-cold 
conditioning beer to which yeast has been added back will be referred to as PCC-WY 
(-WY: With Yeast).
Description Commercial 
Standard Lager
pH 4.1 ±0 .2
Colour (°EBC) 16 + 2
Ethanol (% vol./vol.) 6.4 ± 0.2
Bitterness (BU) 20 ± 2
Present Gravity 1.01+0.02
Table 2.1.: Basic properties of the feed beer 
3. S. Operating Conditions and Procedures
The feed pump used in the crossflow filtration rig allowed beer crossflow velocities 
over the range 0.38 m s"1 to 1.50 m s'1 to be investigated. Below 0.38 m s’1, it was 
difficult to stabilise flow rates due to the pump operating at the lower end of its range. 
Above 1.50 m s'1 the membrane module inlet pressure limit of 3 barg was reached. 
Above this inlet pressure of 3 barg, beer leaked significant from the retentate side of 
the module and accurate flow control was impossible. Crossflow velocities in the 
range 0.38 m s '1 to 1.50 m s’1 also corresponded to crossflow velocities previously 
investigated by other authors at Brewing Research International [27 - 30] when 
investigating the application of membrane filtration technologies in the brewery.
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A crossflow velocity of 0.38 m s'1 was equivalent to an approximate channel 
Reynolds Number of 200 and a crossflow velocity of 1.50 m s'1 was equivalent to an 
approximate channel Reynolds Number of 700. Reynolds number were determined 
using equivalent mean hydraulic diameters for the flow channel. The values were at 
the lower end of those already investigated at BRI, as summarised in a earlier 6 
monthly report [31]. Approximate shear rates were 270 s*1 at 0.38 m s'1 and 1000 s’1 
at 1.50 m s'1.
Using a peristaltic permeate pump allowed fluxes to be controlled accurately over the 
range 50 litres m^hr'1 to 500 litres m^hr"1. In these investigations, fluxes over the 
range 50 litres m'^hr"1 to 200 litres m^hr"1 were evaluated. Dependent on the exact 
economics, these were suggested flux values [27] that would enable the technology to 
compete, economically, with conventional diatomaceous earth filters.
All filtrations were carried out at 5°C (± 2°C). This was the lowest possible 
temperature attainable and therefore as close as possible to conventional beer filtration 
temperatures (typically 2°C)
The length of filtration run was limited by the maximum system TMP. In all 
experiments this was determined by the maximum pressure of 3 barg attainable on the 
retentate side and the minimum pressure attainable in the permeate line. At permeate 
pressures below approximately 0.3 barg, CO2 was eluded from the beer. At this point 
the flux was no longer constant. The permeate pump worked on a constant volume 
basis. After the pressure dropped below 0.3 barg the pump was withdrawing 
primarily gas and flux control was impossible. Experiments were ceased once a 
permeate pressure of 0.3 barg had been reached. The maximum TMP for the system 
was therefore approximately 2.7 bar. All experiments carried out were begun at a 
feed pressure of 3 barg.
Prior to starting the filtration experiments, the permeate-side of the membrane system 
was back-filled with water. This was to prevent any temporarily high fluxes as the 
initial flux was established. Flux values were set at the required level from the start of 
each experiment. They were not increased gradually to meet the required value.
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Variations in permeate pressure were monitored continuously via the data collection 
software. Flux rate was monitored through the same software; the filtrate was 
collected onto a balance. Exact flux rate was checked every 10 minutes and, where 
appropriate, the speed of the peristaltic pump was adjusted slightly to maintain flux at 
the required level. Fluxes varied slightly due to a changing pressure differential 
across the permeate pump.
Where necessary, filtrate samples were taken in small aliquots (typically less than 50 
ml) from the permeate line. Samples were not taken until the initial inventory of 
water on the permeate side had been surpassed (approximately 40 ml). For 
comparison, feed samples were taken at the same time from the inlet to filtration 
module. These feed samples taken for particle size analysis were typically less than 
50 ml. 100 ml of feed beer samples were taken for those examples that required 
quantitative, foulant, analysis of the feed.
After each experiment, the beer was pumped out of the rig and placed in cold storage 
(4°C) overnight. Beer from the same batch was not used for any more than 3 
consecutive days. Once the beer had been removed, the membrane filtration rig was 
cleaned for 30 minutes using a 0.2 Wt.% solution of sodium hydroxide at 70°C. 2 
water rinses proceeded the caustic clean.
3.6. Evaluating Membrane Selectivity
Particle size analysis was carried out on both feed and filtrate samples using a 
Brookhaven Instruments Photon Correlation Spectroscope (PCS). This instrument 
produced a total concentration of sub-micron particles, a nominal particle size for 
these particles and a particle size distribution over an approximate range of 0.01 p,m 
to 4 pm. A summary of the principles of this spectroscopy method is included as 
Appendix B. Particles in this size range are primarily macromolecules and 
protein/polyphenol haze [27, 32]. These components have been shown to be the 
principal foulants of microfiltration membranes [1]. Both feed and filtrate samples 
were taken at the same time, all samples were analysed by PCS within 2 hours of their 
collection.
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When filtering beer PCC-WY, the samples had to be pre-filtered using a 5pm syringe 
filter. The presence of particles greater than 4pm in diameter adversely influenced the 
accuracy of the PCS.
3.7. Quantitative Determination of the Membrane Fouling Layer
3.7.1. Membrane Fouling Layer Removal
Membrane fouling layers were removed using the methods described in Taylor et al, 
2001 [1], The three fouled membranes were carefully removed from their supports in 
the membrane module and placed into a volume of distilled and de-ionised water. 
The membranes were then placed, inside a glass beaker, into an ultrasonic bath (L&R 
Ultrasonics, model PC3). The membranes were sonicated for 5 minutes and rinsed 
with distilled and de-ionised water up to a total known volume. Previous research had 
suggested that this was sufficient for membrane foulant removal [33, 34].
3.7.2. Membrane Fouling Layer Preparation
The removed fouling layers were prepared for chemical analysis using 2 techniques. 
The first was the same as that described in the earlier research [1, 2]. The suspended 
and dissolved fouling layer was freeze-dried using an Edwards Modulyo freeze drier 
to stabilise the samples. Each sample was then re-suspended and dissolved in a 0.1M 
solution of imidizole prior to chemical analysis.
To investigate the influence of freeze drying and imidizole suspension on the 
analytical samples the second method of fouling layer preparation was carried out. In 
duplicate samples, instead of freeze drying and imidizole re-suspension, fouling layers 
were left untreated in the distilled and de-ionised water and stored at 5°C until 
chemical analysis.
3.7.3. Chemical Analysis of Foulants
Once prepared, fouling layers were analysed for total carbohydrate using the 
Anthrone reagent based upon the EEC standards [35]; protein using the Bradford 
Coomassie blue method [36]; and polyphenol using the ammonia EDTA reagents 
based upon the EEC standards [37]. Colour readings for the assayed samples were 
made using a Unicam UV/Vis Spectrometer, UV2. In the case of protein, assays 
results were compared against a bovine serum albumin standardisation curve.
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3.7.4. Chemical Analysis of the Feed Beer Samples.
In each quantification experiment a 200ml sample of feed beer was taken for analysis. 
Similarly to the fouling layers, samples could be prepared for analysis in two different 
ways: 100 ml of the beer was freeze dried and then a known mass re-suspended and 
dissolved in imidizole; 100ml was stored at 5°C until requirement for chemical 
analysis. Both duplicate samples, prepared using two differing techniques, were 
analysed for protein, polyphenol and carbohydrate using the same assays as those 
used for the membrane fouling layers.
3.8. Actual Experimental Details
3.8.1. Part 1: Initial Study into the effect of crossflow velocity, flux rate and the 
presence of yeast on filtration kinetics and membrane selectivity during the 
constant flux microfiltration of beer.
Constant flux microfiltration experiments were carried out at constant fluxes of 
50 litres m‘2 hr"1, 100 litres m"2 hr'1 and 200 litres m"2 hr"1. At each flux, two 
investigations were carried out. These were at crossflow velocities of 0.38 m s'1 and 
1.50m s'1. All filtration temperatures were constant at 5°C.
All the constant flux experiments were carried out using the two different beers: PCC- 
NY and PCC-WY. Six experiments, representing all the permutations o f flux and 
crossflow velocity were carried out and then repeated for each beer. The six 
experiments were carried out on a single batch of beer. The repeated experiments 
were carried out on a subsequent batch of beer. The differing brewery batches used in 
these investigations are labelled A, B, C and D. Batches A and B were the batches of 
cold-conditioned beer that contained little or no yeast (PCC-NY). Batches C and D 
were the batches to which yeast had been added (PCC-WY).
Membrane selectivity was evaluated by taking feed and filtrate beer samples and 
analysing them using the PCS technique described in Section 3.6. Samples were 
taken after a total filtrate of 50 ml had been produced.
The matrix of experimental investigations carried out as Part 1 are represented by 
Table 2.2.
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3.8.2. Part 2: Quantitative analysis of the membrane fouling layer
Two studies were carried out as part of the investigation into the composition of the 
membrane fouling layer.
3.8.2.1. Part 2a: Influence o f crossflow velocity and the presence o f  yeast on the final 
composition o f the membrane fouling layer.
This first study looked at the compositions of the fouling layer formed when the 
membrane had fouled such that the maximum TMP of the system had been reached. 
The influence of crossflow velocity on the composition of this fouling layer was 
investigated. Membranes were fouled in duplicate at two crossflow velocities, 
0.38 m s'1 and 1.50 m s"1 and a constant flux of 50 litres m^hr'1. Fouling layers were 
removed prepared and analysed using the methods described in Section 3.7. 
Duplicate samples were prepared to investigate the influence of sample preparation on 
the analytical results. The two methods of samples preparation are detailed in Section
3.7.2.
The influence of yeast on the composition of the final fouling layer was investigated 
by repeating the above study using PCC-WY.
Both beers investigated, PCC-NY and PCC-WY, were obtained fresh from the 
brewery. They came from separate batches, labelled Batches E and F respectively. 
Samples of each beer were taken for chemical analysis according to the method 
described in Section 3.7.4.
In addition to determining the composition of the final fouling layer and the feed 
beers, filtration kinetics were monitored during the development of the fouling layer. 
Membrane selectivity was not evaluated as part of this investigation.
Table 2.3. represents the matrix of experimental work carried out.
Part 2b: Investigation into the Step-wise Development of the Membrane Fouling 
Layer
A second study looked at the variation in the composition of the membrane fouling 
layer as the TMP increased and the fouling layer developed. Membranes were fouled 
at a crossflow velocity of 0.38 m s’1 and a constant flux of 50 litres m‘2h f  \  Fouling
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layers were removed after a TMP of 2.7 bar had been reached; after a TMP of 1 bar 
had been reached; and after filtering for a total of 30 minutes. In all cases, filtrations 
were carried out in duplicate on subsequent days using beer of the same brewery 
batch. The two sets of fouling layers produced at each set of operating conditions 
were analysed using the methods described in Section 3.7.3. Duplicated fouling 
layers were prepared for chemical analysis using the two methods described in 
Section 3.7.2. This was to investigate the influence of sample preparation on the 
analytical results.
All experiments were carried out using PCC-NY and at a temperature of 5°C. The 
study was carried out using beer from a new batch, Batch G. Samples of this beer 
were taken for chemical analysis according to the methods described in Section 3.7.4. 
Similarly to the fouling layers, these samples were analysed in duplicate using the two 
different preparation methods.
In addition to analysing the fouling layer and composition of the feed beer, membrane 
filtration kinetics were also monitored.
Filtrate samples were taken for analysis of particle size distribution using the PCS. 
Samples were taken just before the experiments were terminated and before the 
fouling layers removed for analysis. Samples were therefore taken after a TMP of 2.7 
bar had been reached; after a TMP of 1 bar had been reached; and after filtering for 30 
minutes. Filtrate samples could be compared to a feed sample of the same beer taken 
at the start of each experiment.
Table 2.4. is a matrix of the experiments carried out
3.8.3. Part 3: Improving filtration performance
It was the objective of the process improvement study to maximise membrane 
throughput whilst minimising the increase in TMP. This was to be carried out whilst 
also ensuring that the membrane produced a beer comparable in quality to that of a 
diatomaceous earth filtered beer.
Membranes with a larger pore size were evaluated. The performance achieved with
1.20 pm pore size membranes was compared to that achieved with the original
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0.45 pm membranes. PCC-NY beer was used in this study, it was obtained fresh from
the brewery from Batch H. The filtrations were carried out at a flux of
200 litres m"2 hr'1, crossflow velocity of 0.38 m s'1 and at a temperature of 5°C.
In the investigations, membrane filtration kinetics were monitored, feed and filtrate 
samples were taken for particle size analysis and membrane layers were removed for 
analysis of foulants.
The membrane fouling layers were removed once the maximum TMP of 
approximately 2.7 bar had been reached. Membrane layers were freeze-dried and re­
suspended in imidizole prior to wet chemical analysis for carbohydrate, protein and 
polyphenol. This was done according to the method described in Section 3.7.2. A 
sample of feed/retentate beer was also taken for chemical analysis of foulant. This too 
was freeze-dried and then re-suspended in imidizole prior to analysis. Fouling layers 
were produced and filtration experiments were carried out in duplicate. Fouling 
layers from duplicated experiments were mixed together after freeze-drying and prior 
to re-suspension in imidizole. Duplicate experiments produced sufficient foulants 
such that the assays could have been replicated should there have been any anomalous 
results. Samples were not analysed using both methods of sample pre-treatment as 
discussed in Section 3.7.2. For all assays in this part, only the freeze-drying and 
imidizole re-suspension method of pre-treatment was employed.
In all experiments, filtrate samples were taken for particle size analysis (as described 
in Section 3.6.) at the end of each filtration experiment. These were compared to feed 
beer samples taken at the start of each experiment.
Table 2.5. represents the matrix of experimental work carried out.
3.9 Additional Studies
To aid interpretation of the data from the PCS collected as part of the investigations 
detailed in Section 3.8.3., an additional study was carried out. This study examined 
the relationship between the data from the PCS and beer colloidal stability. A single 
batch of PCC-NY beer was filtered in a "Büchner" filter using membrane and filter 
paper over a range of sizes. This produced filtrate beers with a wide-range o f sub­
micron particle concentrations. These samples were then stored and agitated
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aerobically at 4°C for 4 days in an attempt to accelerate haze formation. Initial and 
final PCS data for each beer were determined. These results were compared to the 
readings from a Dr. Lange 90° scatter hazemeter (Model LTP 6B). The haze readings 
were determined at 10°C. Haze readings using the hazemeter are the typical industry 
measure of clarity, values of less than one often classify the beer as "bright" and 
therefore of acceptable quality [7],
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CHAPTER 4: RESULTS 
4.1. Part 1: Initial Study into the effect of crossflow velocity, flux 
rate and the presence of yeast on filtration kinetics and membrane 
selectivity during the constant flux microfiltration of beer.
4.1.1. Introduction
The results presented in this section cover an investigation into the influence of flux 
and crossflow velocity over the ranges 50 litres m'2 hr'1 to 200 litres m'2 hr"1 and 
0.38 m s'1 to 1.50 m s'1 respectively Four different batches of the same beer were 
tested. These were named Batches A, B, C and D Two of the batches had yeast 
dosed into them to make them representative of beer that had not been centrifuged 
prior to cold-conditioning (Batches C and D). Particle size distributions and 
concentrations were obtained for each feed and filtrate beer sample using Photon 
Correlation Spectroscopy (PCS).
This section also introduces the methods employed to interpret the filtration kinetics 
data. The methods of interpretation are used throughout the results chapter and in the 
discussion of the results (Chapter 5).
4.1.2. Interpretation o f  Filtration Kinetics
In all experiments, filtration kinetics were evaluated through interpretation of the 
TMP vs. time, TMP vs. cumulative filtrate volume and total fouling resistance vs. 
cumulative filtrate volume responses. TMP vs. time, TMP vs. cumulative filtrate 
volume responses are of use to the brewer as throughput per unit pressure drop 
increase can be compared directly to performance attained using conventional 
diatomaceous earth filters.
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Total resistance (Kt) vs. time and total resistance vs. cumulative filtrate volume 
response were plotted to aid further understanding of the development of the fouling 
layer and hence understanding of the mechanisms of membrane fouling. Fouling 
resistance was determined from the modified Darcy equation for membrane filtration 
[38 - 40] in a constant flux mode of operation and is expressed in its simplest below 
( 1):
J = AP (1)
pRt
where J is permeate flux (m s'1), AP is the system TransMembrane Pressure (Pa) 
calculated according to equation (2) in Chapter 3, jj, is permeate viscosity (Pa s) and 
Rt is the total membrane resistance (m"1). Rt is the sum of clean membrane resistance 
and both irreversible and reversible fouling components.
Using this equation, Rt could be evaluated as the filtration runs progressed and the 
system TMPs were varied. In all data, permeate viscosity was assumed constant and 
at 5°C a value of 3 x 10*3 Pa s was used [27]. The flux used in the calculation of Rt 
was the actual flux measured experimentally, this differed very slightly from the 
target fluxes of either 50 litres m'2 hr"1, 100 litres m"2 hr"1 or 200 litres m"2 hr"1. As 
discussed in Chapter 3, this difference arose because as permeate pressure decreased 
the withdrawal rate from the filtrate pump changed slightly and the pump rates had to 
be altered manually.
The experimental fluxes were averaged over the duration of each experiment and each 
had a standard deviation associated with them. The same fluxes were used to 
determine the cumulative filtrate volumes. Tables 4.1.1. to 4.1.10. show the actual
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average fluxes and their standard deviations compared to the target fluxes in each 
experiment.
All the kinetic responses presented are of a similar shape. After commencing 
filtration, TMP or Rr did not increase significantly, remaining within the limits of 
experimental detection. After a certain time (or filtrate volume), TMP or R, began to 
increase. This continued until a TMP of approximately 1 bar or an Rf of 
approximately 1 x 1012 m'1 was reached. From a TMP of 1 bar, to the maximum TMP 
of 2.7 bar, TMP increased proportionally with a positive gradient. Similarly, from a 
fouling resistance value of 1 x 1012 m'1, fouling resistance increased proportionally 
with a positive gradient.
The similarities between responses allowed them to be summarised. The information 
used to summarise the responses was as follows:
From TMP vs. time response curve:
• Time to reach a TMP of 1 bar (seconds)
• Time to reach the maximum TMP of 2.7 bar (seconds)
• Gradient of TMP vs. time response over the range 1 to 2.7 bar (bar hr'1)
• R-Squared fit of the TMP vs. time data over the range 1 to 2.7 bar (-)
From TMP vs. cumulative flux response curve:
• Filtered volume per unit membrane area before reaching a TMP of 1 bar 
(litres m"2)
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• Filtered volume per unit membrane area before reaching the maximum TMP of 
2.7 bar (litres m"2)
• Gradient of TMP vs. filtered volume per unit membrane over the range 1 to 2.7 
bar (bar m2 litre'1)
• R-Squared fit of the TMP vs. filtered volume per unit membrane data over the 
range 1 to 2.7 bar (-)
From R t vs. time response cnn>e
• Time before establishing a fouling resistance of 1 x 1012 m"1. (seconds)
• Slope ofR, vs. time from 1 x 1012 m'1 until end (m-1 hr*1)
• R-Squared fit of the Rf vs. time data over the range 1 x 1012 m'1 until end. (-)
From R t vs. cumulative flux response curve:
• Filtered volume per unit membrane area before establishing a fouling resistance of 
1 x 1012 m*1. (litre m'2)
• Slope ofR,' vs. filtered volume per unit membrane from 1 x 1012 m'1 until end 
(m litre'1).
• R-Squared fit of the Rf vs. filtered volume per unit membrane data over the range 
1 x 1012 m'1 until end. (-)
TMP vs. time and TMP vs. cumulative filtrate volume are of interest to the brewer and
therefore have been included. However, discussions regarding the influence of
process variables will use the calculated resistance data. It is assumed that total
membrane fouling resistance is a better representation of how the membrane fouling
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layer is developing. Membrane fouling resistance has been used by other authors 
when interpreting beer filtration kinetics [41 - 44].
4.1.3. Interpreting Membrane Selectivity
Particle concentration, effective particle size and particle size distributions were all 
determined using a PCS. These data were collected for feed and filtrate samples taken 
at each set of experimental conditions. Samples were collected according to the 
procedures described in Section 3.8.
In addition to comparing the filtrate data to that for the corresponding feed samples a 
control beer, filtered using the brewery's conventional diatomaceous methods was 
also analysed using the PCS. Comparison of the filtrate samples with this control was 
used to assess membrane performance.
4.1.4. Analysis o f  Filtration Kinetics
4.1.4.1. TMP responses
Post-Cold Conditioning Beer (PCC-NY)
Beers from both batches A and B were crossflow filtered at constant fluxes of 
50 litres m^hr*1, 100 litres m^hr"1 and 200 litres m^hr'1 and at crossflow velocities of 
0.38 m s*1 and 1.50 m s'1. The TMP vs. time and TMP vs. cumulative filtrate volume 
responses from experiments on Batch A are shown in Figure 4.1.1. The same 
responses from experiments repeated on Batch B are shown in Figure 4.1.2.
The TMP vs. time and TMP vs. cumulative filtrate volume responses have been 
summarised using the criteria defined in Section 4.1.1. The summarised data from 
experiments on Batch A are included in Table 4.1.11. The summarised data from 
experiments on Batch B are included in Table 4.1.12.
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The responses showed that the filtration time required before a TMP of 1 bar was 
reached varied from 525 seconds to 9975 seconds. Increasing the flux reduces 
filtration time before the TMP of 1 bar is reached. When filtering at a flux of 50 litres 
m'2 hr'1, increasing crossflow velocity from 0.38 m s'1 to 1.50 m s"*1 increased the time 
before the TMP was reached. This influence became less pronounced as flux was 
increase to the higher levels of 100 litres m'2 hr'1 and 200 litres m"2 hr"1.
Filtration times to the maximum TMP of 2.7 bar varied from 840 to 12495 seconds 
over the full range of crossflow velocities and fluxes investigated. Filtration time to 
the maximum TMP of 2.7 bar followed the same trends as observed in the filtration 
time to a TMP of 1 bar data.
Cumulative filtrate volume processed before a TMP of 1 bar was reached varied from
34.8 litres m'2 to 134.4 litres m'2. Increasing flux from 50 litres m'2 hr'1 to 200 litres 
-2 1m" hr" had little significant effect on the volume filtered before a TMP of 1 bar was 
reached. Similarly, increasing crossflow velocity from 0.38 m s'1 to 1.50m s'1 resulted 
in an increase in filtrate volume only when filtering at a flux of 50 litres m"2 hr'1. 
Processed volumes before the maximum TMP of 2.7 bar was reached varied from 
45.6 litres m"2 to 168.3 litres m'2 and showed a similar responses to changes in flux 
and crossflow velocity.
In all experiments, the response of the TMP vs. time data was proportional after a 
TMP of 1.0 bar had been exceeded. The R-squared fit data for all experiments varied 
from 0.989 to 0.998. The gradient of this line varied as flux and crossflow velocities 
where changed. The range of gradients in all experiments was 2151 x 10'3 bar hr'1 to 
25315 x 10*3 bar hr"1. Increasing flux had a significant influence on the gradient of 
the TMP vs. time response. In all cases, increasing flux over the range 50 litres m*2
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hr"1 to 200 litres m"2 hr"1 resulted in a increase in the gradient. A four-fold increase in 
flux led to a approximate four-fold increase in gradient.
At each flux, increasing the crossflow velocity resulted in a decrease in this rate of 
change of TMP with respect to time. This influence of crossflow velocity, although 
still evident, became less significant as the flux was increased to values of 100 litres 
m"2 hr"1 and 200 litres m"2 hr"1.
The responses of the TMP vs. cumulative filtrate volume data were also proportional 
after a TMP of 1 bar had been surpassed. R-squared fit data ranged from 0.989 to 
0.998. The gradient of the response varied from 53 x 10"3 bar m2 litre'1 to 163 x 10'3 
bar m2 litre'1. Increasing flux over the range investigated appeared to have only a 
small influence on the gradient. Increasing flux resulted in only a small reduction in 
the value of the gradient.
At fixed flux, increasing the crossflow velocity from 0.38 m s'1 to 1.50 m s'1 reduced 
the gradient. This affect became slightly less significant as flux increased. In the 
experiments using beer from Batch B, the influence of crossflow velocity at 200 litres 
m*2 hr'1 is different. In this instance, increasing crossflow velocity resulted in an 
increase in the gradient of the TMP vs. cumulative filtrate volume response.
Post-Cold Conditioning Beer with Yeast (PCC-WY)
Beers from Batches C and D where filtered at fluxes of 50 litres m'2 hr"1,
100 litres m'2 hr'1 and 200 litres m*2 hr*1. At each flux, filtrations were carried out at 
crossflow velocities of 0.38 m s'1 and 1.50 m s'1. Batch C was collected from the 
Brewery at a similar time to the collection of Batch A. As described in Section 3.4.2., 
yeast was dosed into this beer to make it representative of a cold conditioned beer that
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had not been centrifuged. Batch D was treated in the same fashion and this batch was 
collected from the brewery at a similar time to the collection of Batch B.
TMP vs. time and TMP vs. cumulative filtrate volume responses are shown in Figures
4.1.3. and 4.1.4. These responses are summarised according the criteria defined in 
Section 4.1. The summarised data for experiments on both Batch C and Batch D are 
included as Tables 4.1.13. and 4.1.14.
In both batches, the filtration times to at TMP 1.0 bar and to a maximum TMP of 2.7 
bar showed the same dynamic responses to the influence of flux and crossflow 
velocity as seen when filtering beer PCC-NY: increasing flux reduced filtration times; 
increasing crossflow velocity at a fixed flux increased filtration time most 
significantly at the lowest fluxes.
When filtering with yeast, the filtration times to a TMP of 1 bar varied from 665 
seconds to 6825 seconds. Filtration times to the maximum TMP of 2.7 bar varied 
from 1050 seconds to 8715 seconds.
The volume processed before TMPs of 1.0 bar and 2.7 bar were reached showed some 
similar trends to the results found with beer PCC-NY. Increasing crossflow velocity 
from 0.38 m s'1 to 1.50 m s'1 resulted in an increased filtrate volume when operating 
at fluxes of 50 litres m*2 hr'1 100 litres m"2 hr*1. At a flux of 200 litres m"2 hr"1, 
increasing the crossflow velocity from 0.38 m s'1 resulted in a slight decrease in 
filtrate volume when filtering beer from Batch C, but produced a slight increase in 
filtrate volume when filtering beer from Batch D. In both cases, the variation in 
filtrate volumes caused by the change in crossflow velocity was only small.
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In experiments using beer from Batch D, the influence of flux on the volumes 
processed before TMPs of 1.0 bar and 2.7 bar is similar to that observed when 
filtering beer that contains no yeast. At both crossflow velocities of 0.38 m s'1 and
1.50 m s'1, increasing flux over the range investigated had no significant influence on 
the volumes processed before reaching the specified TMPs.
In experiments using beer from Batch C the influence of flux was slightly different. 
At the lower crossflow velocity, there was no discernible trend in the data. At the 
higher crossflow velocity, increasing flux slightly reduced the volumes of filtrate 
processed before reaching the TMPs of 1.0 bar and 2.7 bar.
In all experiments on both batches of beer, the processed volume before a TMP of 1.0 
bar was reached varied from 35.2 litres m'2 to 90.3 litres m'2. The volumes to a TMP 
of 2.7 bar varied from 53.0 litres m'2 to 115.3 litres m"2.
\
The TMP vs. time and TMP vs. cumulative filtrate volume responses all produced a 
proportional response after a TMP of 1.0 bar had been surpassed. R-squared fit data 
ranged from 0.993 to 0.999. The rate of change of TMP (gradient of TMP vs. time 
response) varied from 3300 x 10'3 bar hr'1 to 16171 x 10'3 bar hr"1 and increased as 
flux is increased over the range 50 litres m'2 hr'1 to 200 litres m'2 hr'1 regardless of the 
crossflow velocity investigated.
Increasing crossflow velocity from 0.38 m s'1 to 1.50 m s'1 reduced the rate of change 
of TMP only at fluxes of 50 litres m'2 hr'1 and 100 litres m'2 hr'1. At fluxes of 200 
litres m'2 hr'1, increasing the crossflow velocity over the same range increased the rate 
at which TMP increased. Although evident in both batches, the data from Batch D are 
not statistically significant.
Page 33
Mark Taylor. Eng. D. 48 Month Dissertation: CHAPTER 4 - Results
The gradients of the TMP vs. cumulative filtrate volume responses varied from 
53 x 10‘3 bar m2 litre'1 to 110 x 10'3 bar m2 litre*1. At the lower crossflow velocity, as 
flux was increased from 50 litres m*2 hr"1 to 200 litres m"2 hr"1 the gradient tended to 
reduce slightly. In many cases, these data were not statistically significant. At the 
higher crossflow velocity there was no discernible trend as the flux was varied over 
the same range.
In experiments on both batches, increasing crossflow velocity when operating at 
fluxes of 50 litres m"2 hr"1 and 100 litres m"2 hr"1 resulted in a slight reduction in the 
gradient of the TMP vs. cumulative filtrate volume responses. At a flux of 200 litres 
m"2 hr'1, increasing crossflow velocity resulted in a slight increase in the same 
gradient. These differences in data were however, in the majority of cases, not 
statistically significant.
4.I.4.2. Fouling Resistance Responses \
Fouling resistance (Rf) vs. Cumulative Filtrate Volume responses from experiments 
on Batches A through D are shown in Figures 4.1.5. to 4.1.8.
The shape of the fouling resistance response curves is very similar to that observed in 
the TMP response curves. In all experiments the response became proportional after a 
resistance value of 1 x 1012 m"1 was surpassed and continued to be proportional until 
the maximum resistance value was reached. R-squared fit values for this region 
varied from 0.980 to 0.998.
These responses are summarised in accordance with the criteria defined in Section
4.1. The summarised data is included as Table 4.1.15. (Batch A), Table 4.1.16. 
(Batch B), Table 4.1.17. (Batch C) and 4.1.18 (Batch D).
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Influence of Flux
In experiments on all batches, the influence of flux could be investigated through 
comparison of the time and volume to a resistance value of 1 x 1012 m'1 and the 
gradients of the Resistance vs. time and Resistance vs. Cumulative Filtrate Volume 
after that resistance value had been surpassed.
Figure 4.1.9 plots time and volume to a resistance of 1 x 1012 m"1 against actual flux 
values (See Tables 4.1.1 to 4.1.4). Included are data from experiments on all batches 
of beer. Data at differing crossflow velocities are plotted on different graphs, 
0.38 m s-1 labelled (a), 1.50m s’1 labelled (b). The figures show that regardless of 
batch or crossflow velocity, increasing flux reduces the time to reach a total resistance 
of 1 x 1012 m"1.
The cumulative filtrate volumes processed before the same resistance value is reached 
did not show the same degree of variation. At low crossflow velocity there appears to 
have been only a slight increase in filtrate volumes processed as flux was increased. 
At the higher crossflow velocity there was a slight decrease in filtrate volumes as flux 
was increased. Both of these slight variations were more apparent in the experiments 
on Batches A and C. In experiments on Batches B and D the variations same 
variations were not statistically significant.
The gradient of the resistance vs. time and resistance vs. cumulative filtrate responses 
after a resistance of 1 x 1012 m"1 had been surpassed are plotted against actual flux 
values in figure 4.1.10. Graphs labelled (a) show the results from all batches of beer 
at a crossflow velocity of 0.38 m s’1. Graphs labelled (b) present the same data 
obtained at a crossflow velocity of 1.50 m s’1.
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The rate of increase of TMP (time graph gradient) did not vary significantly as flux
was increased. Data were within the experimental error ranges. All data supported
this with the exception of the gradients from Batches B and D at a flux of
200 litres m'2 hr*1 and crossflow velocity of 0.38 m s'1. These data were anomalous
and were without error bars, it is therefore impossible to comment on their
significance.
The gradients of the resistance vs. cumulative filtrate volume responses all reduced as 
flux was increased. This influence of flux was less evident in experiments on Batches 
A and C.
The Influence of Crossflow Velocity
At each flux, as crossflow velocity was increased from 0.38 m s'1 to 1.50 m s*1, the 
time and filtrate volume to produce a resistance value of 1 x 1012 m*1 did vary. These 
changes in time or volume are plotted against target flux values for experiments on all 
batches of beer. This information is shown in Figure 4.1.11.
The influence of crossflow velocity on the gradients of the resistance vs. time and 
resistance vs. cumulative filtrate volume responses is shown in Figure 4.1.12. 
Changes in gradient are plotted against target flux values for all experiments on all 
batches of beer.
In both Figures 4.1.11. and 4.1.12. the influence of crossflow velocity is expressed in 
two different types of graph. Graphs labelled (a) express the changes as the value at 
high crossflow velocity minus the value at the low crossflow velocity. Graphs 
labelled (b) express the changes in value as plotted in (a) as a percentage of the 
corresponding value obtained at 0.38 m s*1.
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In all cases, the influence of crossflow velocity on filtration time and filtration volume 
to a resistance value of 1 x 1012 m'1, became less pronounced as flux was increased 
from 50 litres m"2 hr'1 to 200 litres m*2 hr"1. The most significant increases in time and 
volume were gained at the lowest flux of value of 50 litres m’2 hr*1. At a target flux of 
50 litres m*2 hr*1, increasing crossflow velocity from 0.38 m s*1 to 1.50 m s’1 resulted 
in a 40.8 to 52.7 % increase in filtration time and a 34.0 to 60.8 % increase in 
filtration volume. At a target flux of 200 litres m*2 hr*1, increasing crossflow velocity 
over the same range resulted in increases in filtration time of -7.9 to 2.6 % and 
increases in filtrate volume o f -8.5 to 7.1 %. Negative values indicate a reduction in 
filtration time or volume, these data have been highlighted earlier in Section 4.1.2.1
The influence of crossflow velocity on the gradient of the resistance vs. time and 
resistance vs. cumulative filtrate volume responses also varied as flux was increased 
from 50 litres m*2 hr*1 to 200 litres m'2 hr"1. Figure 4.1.12. shows that at 50 litres m'2 
hr'1, increasing crossflow velocity reduced both the gradients; producing negative 
values. This influence became less pronounced at a higher flux of 200 litres m*2 hr"1. 
In two instances (Batch C at 200 litres m*2 hr'1 and Batch D at 100 litres m*2 hr*1), 
increasing crossflow velocity actually resulted in an increase in gradient. Despite 
these anomalies, there was still a general trend for the influence of crossflow to 
become less pronounced at a higher flux. This is consistent with earlier findings.
The percentage changes in the gradients at 50 litres m'2 hr'1 ranged from -39.2 % to -  
16.2 % for the resistance vs. time gradient and -43.4 % to -9.4 % for the resistance vs. 
cumulative filtrate volume gradient. At 200 litres m*2 hr*1, the same gradients varied 
from -15.9 % to 42.3 % and from -21.3 % to 45.9 % respectively.
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The Influence of Yeast
The influence of both flux and crossflow velocity is essentially consistent in all 4 data 
sets shown in each of the graphs in Figures 4.1.9. to 4.1.12. This suggests that yeast 
did not significantly influence the kinetic responses to changes in process variables 
over the ranges investigated. Direct comparison of the influence of yeast was not 
possible due to all the beers originating from different batches collected at different 
times from the brewery. It is of note, however, that beers from Batches A and C and 
Batches B and D showed similar responses when the process variables were changed. 
These beers were collected within close time periods to each other from the brewery.
4.1.5. Analysis o f  Feed Beer Particle Size and Membrane Selectivity
Sub-micron particle size distributions for Batches A through D are presented on 
Figures 4.1.13. to 4.1.20. Each figure includes the data from samples collected at a 
given crossflow velocity. Two figures were therefore produced for each batch of beer 
investigated, one from experiments at 0.38 m s"1 and the other from experiments at
1.50 m s'1. Each figure presents the feed and filtrate size distributions of beers 
collected during filtrations at fluxes of 50 litres m"2hr_1, 100 litres m^hr"1 and 
200 litres nf2hr"1.
Tables 4.1.19. to 4.1.22. detail the total concentration of sub-micron particles and an 
effective particle diameters for the beers. Each table presents all the data obtained 
from a single batch. Control data, from a beer filtered using conventional 
diatomaceous earth filtration technology, is presented in Figure 4.1.21.
4.I.5.I. Feed Beer Analysis
Feed beer samples contained particles over a wide size distribution (approximately 
50nm to 5jam). In all cases, the PCS resolved the particles into two separate peaks; 
one nominally lp.m in size, another nominally 0.1 pm in size. In all feed samples the
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peak at 0.1pm was approximately one third the intensity of that at 1pm. This 
suggested that there were approximately one third the number of particles in the 
0.1pm range as there were in the 1pm range. Within each batch there were no 
significant variations in the feed beer particle size distributions. This suggested that 
any variations in the particle size distributions over the three day experimental 
program were not detectable using the PCS. Across the four batches of beer 
investigated, there were some variations in relative intensities of the resolved peaks. 
The 0.1pm peak varied in intensity from 5 to 2 (dimensionless). The 1pm peak varied 
from 1 0 - 6  (dimensionless). In all cases the samples which had the highest (or 
lowest) peak in the 1pm range also had the highest (or lowest) peak in the 0.1pm 
range. The Sub-micron particle concentrations and effective particle diameters of the 
feed samples did not vary significantly across the experiments carried out on a single 
batch. From batch-to-batch there was some slight variation in both the concentrations 
and diameters. High concentration data corresponded to higher peaks in the particle 
size distribution data.
4.1.5.2. Influence of Crossflow Velocity and Flux
Changes in process conditions (crossflow velocities of 0.38 m s '1 and 1.50 m s '1, 
fluxes from 50 litres m'^hr'1 to 200 litres m'^hr"1) had no impact on the intensity of the , 
0.1pm peak in any of the filtrate samples. In all cases the material in the 1pm peak 
had been removed by the membrane and all of the material in the 0.1pm peak passed 
through into the filtrate.
Filtrate sub-micron concentration and effective diameters show an general trend of 
reducing with increasing flux when filtering without the presence of yeast, and 
increasing with flux when filtering in the presence of yeast. Given the deviation in 
results observed with the feed samples and several anomalous results, one may 
question the statistical significance of this observation.
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In all cases, the filtrate particle size distributions and effective particle diameters were 
comparable to those found in a filtrate produced using conventional diatomaceous 
filtration technology. In samples produced from Batches A, C and D the particle 
concentrations were also comparable. Filtrate samples from Batch B indicate a 
slightly higher particle concentration in the same size range.
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Part 2: Quantitative analysis of the membrane fouling layer
4.2.1. Introduction
Two studies were carried out as part of the investigation into the composition of the 
membrane fouling layer.
4.2.1.1. Part 2a: Influence of crossflow velocity and the presence of yeast on the 
final composition of the membrane fouling layer.
This first study looked at the compositions of the fouling layer formed when the 
membrane had fouled such that the maximum TMP of the system had been reached. 
The influence of crossflow velocity on the composition o f this fouling layer was 
investigated. Membranes were fouled in duplicate at two crossflow velocities, 
0.38 m s’1 and 1.50 m s'1 and a constant flux of 50 litres m^hr"1. Fouling layers were 
removed, prepared and analysed using the methods described in Section 3.8. 
Duplicate samples were prepared to investigate the influence of sample preparation on 
the analytical results. The two methods of samples preparation are detailed in Section
3.8.2.
The influence of yeast on the composition of the final fouling layer was investigated 
by repeating the above study using PCC-WY.
Both beers investigated, PCC-NY and PCC-WY, were obtained fresh from the 
brewery. These beers were labelled Batches E and F respectively. Batch F was 
effectively exactly the same a Batch E but with Yeast dosed back into the beer 
according to the method described in Section 3.4.2.
In addition to determining the composition of the final fouling layer, filtration kinetics 
were also monitored during the development of the fouling layer. These were
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evaluated by studying the TMP v-s; time, TMP vs. cumulative filtrate volume, 
resistance vs. time and total resistance vs. cumulative filtrate volume response. 
Direct investigation into the influence of yeast on the fouling kinetics was feasible in 
this system due to the beer originating from essentially the same source at the same 
time.
4.2.I.2. Part 2b: Investigation into the Development of the Membrane Fouling 
Layer
The second study looked at the variation in the composition of the membrane fouling 
layer as the TMP increased and the fouling layer developed. Membranes were fouled 
at a crossflow velocity of 0.38 m s'1 and a constant flux of 50 litres iri^hr"1. Fouling 
layers were removed after a TMP of 2.7 bar had been reached; after a TMP of 1 bar 
had been reached; and after filtering for a total of 30 minutes. In all cases, filtrations 
were carried out in duplicate on subsequent days.
All experiments were carried out using PCC-NY and at a temperature of 5°C. The 
study was carried out using beer from a new batch, Batch G.
Aside from analysing the fouling layer, membrane filtration kinetics data were also 
collated. These were evaluated using the same responses detailed in part 1 and 2a: 
TMP vs. time, TMP vs. cumulative flux , Resistance vs. time. Resistance vs. 
cumulative flux.
Filtrate samples were taken and analysed using the PCS. Samples were taken just 
before the experiments were terminated and before the fouling layers removed for 
analysis. Samples were therefore taken after a TMP of 2.7 bar had been reached; after 
a TMP of 1 bar had been reached; and after filtering for 30 minutes.
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4.2.2. Analysis o f  Filtration Kinetics
In all experiments and analysis of data the shape of the TMP or resistance response 
curve was consistent with the findings of Section 4.1. All responses included a period 
of negligible TMP or resistance. The responses then appeared to increase until a TMP 
value of 1.0 bar or a resistance value of 1 x 1012 m'1 was reached. All responses were 
proportional after a TMP of 1.0 bar or a resistance of 1 x 1012 m*1 was surpassed. R- 
squared values in this region varied from 0.991 to 1.000.
4.2.2.1 TMP Responses
TMP vs. time and TMP vs. cumulative flux responses for part 2a of this study are 
presented in Figure 4.2.1. Each graph presents the data obtained when filtering at two 
different crossflow velocities, 0.38 m s '1 and 1.50 m s'1. The experiments were 
repeated on subsequent days, producing 4 data sets on each graph. Graphs labelled 
(a) present the results from experiments using beer PCC-NY. Graphs labelled (b) 
present the results from experiments using beer PCC-WY. The response curves are 
summarised as discussed in Section 4.1.1. in Tables 4.2.1. and 4.2.2.
In all experiments, increasing the crossflow velocity from 0.38 m s'1 to 1.50 m s’1 
increased both filtration time and processed filtrate volume before a TMPs of 1.0 bar 
and 2.7 bar were reached. Filtration times and processed filtrate volumes before 
reaching a TMP of 1.0 bar varied from 3885 to 8370 seconds and 52.91 litres m"2 to
1009.20 litres m"2 respectively. The times and volumes to reach a TMP of 2.7 bar 
varied from 4940 seconds to 10530 seconds and 67.28 litres m"2 to 137.38 litres m'2.
In all instances, at a comparable crossflow velocity, the presence of yeast within the 
feed beer prolonged both the filtration time and filtration volume processed before 
TMPs of 1.0 bar and 2.7 bar were reached.
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The gradient of the TMP vs. time curve after a pressure of 1 bar had been surpassed 
also showed similar response to a change in crossflow velocity from 0.38 m s"1 to
1.50 m s'1 as had been previously observed in the experiments forming Part 1 of this 
study (Section 4.1.). As the crossflow velocity was increased over the range the rate 
of change of TMP (gradient of TMP vs. time response) reduced. Across all 
experiments, this gradient varied from 2702 x 10'3 bar hr'1 to 5871 x 10'3 bar hr"1.
When filtering in the presence of yeast, at comparable conditions, yeast appeared to 
reduce both the gradient of the TMP vs. time and TMP vs. cumulative filtrate volume 
responses after the TMP of 1.0 bar was surpassed.
The gradient of the TMP vs. cumulative filtrate volume response varied from 
57 x 10"3 bar m2 litre’1 to 120 x 10"3 bar m2 litre"1. As crossflow velocity was 
increased from 0.38 m s"1 to 1.50 m s"1 this gradient reduced in value. In a similar 
observation to those made in Section 4.1.2.2., this reduction in gradient was less 
pronounced when filtering beer containing yeast.
A comparison of the repeated experiments, carried out on the subsequent day, 
indicated a deterioration in filtration performance. In all cases, at comparable 
conditions the filtration time and filtration volume before reaching a TMP of 1.0 
decreased as the beer aged. A deterioration in filtration performance as beer aged had 
been observed in previous studies [2, 45].
The gradients of both the TMP vs. time and TMP vs. cumulative filtrate volume 
responses increased as the beer aged. This also indicates a worsening filtration 
performance. Day two data from Batch E at 0.38 m s"1 shows the most significant 
increase in both gradients when compared to the same experiment carried out one day 
earlier.
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Filtration kinetics data was collected for the experiments in which the stepped 
development of the membrane fouling layer was investigated. TMP vs. time and TMP 
vs. cumulative filtrate volume responses are shown in Figure 4.2.3 (a). The responses 
are summarised in Table 4.2.3. and Table 4.2.4.
The influence of flux or crossflow velocity on kinetics was not evaluated. The only 
significant variation in performance was indicated in the filtration kinetics of the 
experiments carried out to foul the membrane to a TMP of 1 bar. Both repeated 
experiments suggested a deterioration in filtration performance on the second day of 
evaluations. This was similar to the variation observed in the experiments detailed as 
Part 2a of this study. A further deterioration in filtration performance could not be 
confirmed in the final set of experiments carried out using this batch of beer. These 
experiments were carried out a day later than those fouling to a TMP of 1 bar and 
fouled the beer for a total time period of 30 minutes. In these data the responses over 
the first 30 minutes of filtration were very similar to those observed in the filtration 
experiments to TMPs of 1 bar and 2.7 bar.
In the experiments to a TMP 1.0 bar and 2.7 bar the filtration time and filtration 
volume to 1.0 bar varied from 3805 seconds to 5265 seconds and 50.55 litres m"2 to 
70.81 litres nf2. In the experiments to a TMP 2.7 bar the filtration time and filtration 
volume to a TMP of 2.7 varied from 6920 seconds to 7190 seconds and 
93.07 litres nf2 to 95.85 litres nf2.
Gradients of the TMP vs. time and TMP vs. cumulative filtrate volume responses after 
a pressure of 1.0 bar had been reached were only determined in the experiments to a 
TMP of 2.7 bar. These varied from 3221 x 10"3 bar h '1 to 3720 x 10'3 bar h"1 (TMP vs.
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time) and 67 x 10‘3 bar m2 litre"1 to 77 x 10"3 bar m2 litre"1 (TMP vs: cumulative filtrate 
volume).
4.2.2.2. Fouling Resistance Responses
Resistance vs. time and Resistance vs. cumulative filtrate volume data for part 2a are 
presented in Figure 4.2.2. Graphs labelled (a) present the results from experiments 
using beer PCC-NY. Graphs labelled (b) present the results from experiments using 
beer PCC-WY. These data are summarised in Table 4.2.5. and Table 4.2.6.
The influences of crossflow velocity on the summarised data, expressed both as a 
difference between the value obtained at 1.50 m s'1 and that obtained at 0.38 m s'1 and 
as the same difference expressed as a percentage of the value obtained at 0.38 m s'1, 
are presented in Table 4.2.7. and Table 4.2.8.
These data suggest that the time and hence volume of filtrate required to develop a 
membrane and fouling layer of total resistance 1 x 1012 m"1 increased as crossflow 
velocity was increased from 0.38 m s"1 to 1.50 m s’1. The magnitude and percentage 
increase achieved in time and filtrate volume when increasing crossflow velocity from 
0.38 m s"1 to 1.50 m s"1 varied from 610 seconds to 2805 seconds (18.5 % and 
66.5%), 7.92 to 38.11 litres m"2 (17.7 to 71.3 %). These finding are consistent with 
those from experiments carried out at fluxes of 50 litres m"2 hr"1 in Section 4.1.
In all experiments the rate of increase in resistance per unit time and per unit filtrate 
produced decreased as crossflow velocity varied from 0.38 ms"1 to 1.50 ms"1 
(Negative values indicate decrease in gradient). The changes compared to the values 
at 1.50 m s"1 varied from -400 x 1010 m"1 hr'1 to -63 x 1010 m"1 hr'1 (-30.9 % to -  9.3 
%) in the gradients of the resistance vs. time responses and -798 x 108 m litre'1 to -  
176 x 108 m litre"1 (- 30.3 % to -  11.9 %) in the gradients of the resistance vs.
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cumulative filtrate volume responses. These observations are also consistent with the 
results presented in Section 4.1.
As the fouling layer began to develop, yeast in the feed beer had a tendency to 
increase the benefits gained when the crossflow velocity was increased from 
0.38 m s'1 to 1.50 m s'1. The increase in filtration volume to produce a resistance of 
1 x 1012 m*1 ranged from 7.9 % to 12.7 % when filtering without yeast and from 15.3 
% to 38.1 % when filtering with yeast present. The influence of yeast on the changes 
in filtration time to a resistance of 1 x 1012 m'1 were very similar.
The change gradients of the resistance vs. time responses and resistance vs. 
cumulative filtrate volume also varied slightly in experiments containing yeast. When 
filtering PCC-WY, the change in gradients was slightly less as the crossflow velocity 
was increased from 0.38 m s*1 to 1.50 m s'1. Changes for the time gradient ranged 
from -31.0 % to -25 % when filtering without yeast and -16.7 % to -9.3% when 
filtering in the presence of yeast. Changes in volume gradient varied from -22.1 % to 
-30.1 % when filtering without yeast and -15.0 % to -11.9 % when filtering in the 
presence of yeast.
The resistance data from the stepped fouling study (Part 2b) are presented as 
resistance vs. time and resistance vs. cumulative filtrate volume responses and are 
shown in Figure 4.2.3 (b). These data are summarised in Tables 4.2.9. and Table
4.2.10. The resistance values are comparable to those observed in Part 2a and those 
observed in Section 4.1.
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4.2.3. Fouling Layer Compositions
4.2.3.I. Fouling Layer Compositions -  No Yeast
Results from a quantitative analysis of the membrane foulants are presents in Table
4.2.11. and 4.2.12. Table 4.2.11 presents the results from the analysis of the layer 
formed at a crossflow velocity of 0.38 m s'1, Table 4.2.12. the results from 
experiments carried out at 1.50 m s'1. The results suggest that the membrane fouling 
layer compositions were very similar, regardless of the crossflow velocity 
investigated. Freeze-drying samples prior to analysis produced results which were 
very comparable. Carbohydrate concentration in the fouling layer ranged from 64.58 
Wt. % to 66.43 Wt. % as crossflow velocity was increased from 0.38 m s’1 to
1.50 m s'1. Over the same velocity range protein concentration varied from 3.71 Wt. 
% to 3.83 Wt. % and polyphenol from 1.75 Wt. % to 2.24 Wt. %. In all cases, any 
variation in results was within the experimental errors of the techniques employed.
Analysis of the wet fouling layers that were not subjected to freeze drying after 
removal from the membrane produced results which were also similar. Membrane 
carbohydrate concentrations varied from 1.12 mg cm*2 to 0.94 mg cm*2, protein 
concentrations from 0.03 mg cm'2 to 0.02 mg cm*2 and polyphenol concentrations 
from 0.06 mg cm'2 to 0.03 mg cm'2.
Direct comparison of the two differing analytical techniques was only possible for the 
data obtained at a crossflow velocity of 0.38 m s*1. These data suggest that the 
procedure of freeze drying and re-suspending in imidizole resulted in the total 
carbohydrate concentration being underestimated whilst the same procedure improved 
the detection of polyphenols. The role of freeze drying and imidizole re-suspension 
will be discussed in Section 5.2.
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Results of analysis carried out on feed beer samples are presented in Table 4.2.13. 
These results suggest that proportionally, a greater quantity of protein and polyphenol 
was deposited onto the membrane than was present in the feed beer. Carbohydrate 
concentration in the feed beer was 75.80 Wt. %, protein 2.22 Wt. % and polyphenol 
0.77 Wt. %. Comparisons between the two differing sample pre-treatments is 
possible by comparing the concentration data expressed as mg litre'1. Carbohydrate, 
protein and polyphenol results were influenced by the sample pre-treatment. Both 
protein and polyphenol were detected in much greater concentrations in the samples 
which were first freeze dried and then re-suspended in imidizole prior to chemical 
analysis. Carbohydrate was detection was lower in the samples that were freeze dried 
and re-suspended in imidizole.
4.2.3.2. Fouling Layer Compositions -  With Yeast
Tables 4.2.14. and 4.2.15. present the results from the analysis of fouling layers 
formed when filtering post-cold conditioning beer with yeast. Table 4.2.14. presents 
the results from layers formed at a crossflow velocity of 0.38 m s'1, Table 4.2.15. the 
results from layers formed at 1.50 m s'1.
The composition of the fouling layers formed at crossflow velocities of 0.38 m s'1 and
1.50 m s'1 do not vary significantly. Fouling layers, pre-prepared by freeze drying and 
re-suspension in imidizole, have carbohydrate concentrations of between 57.34 Wt. % 
and 58.01 Wt. %, protein concentrations of between 4.03 Wt. % and 3.31 Wt. % and 
polyphenol concentration of between 1.12 Wt. % and 1.28 Wt. %. These values are 
comparable to those observed when producing layers using post-cold conditioning 
beer. The only significant difference is in the concentration of carbohydrate. In these 
fouling layers, the identified concentration of carbohydrate is lower than that observed 
when filtering beer containing no yeast at the same conditions.
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Membrane concentrations are also comparable to those seen in the fouling layers 
discussed in Section 4.2.3.1. Carbohydrate concentration varied from 0.67 mg cm"2 to 
0.92 mg cm'2. Protein concentration varied from 0.02 mg cm"2 to 0.07 mg cm"2. 
Polyphenol concentration varied from 0.01 mg cm"2 to 0.05 mg cm"2.
The influence of sample pre-treatment on membrane foulant concentration was not 
significant in these experiments.
Composition of the feed beer used in these experiments is shown in Table 4.2.16. As 
with the analysis on the membrane fouling layers, feed beer samples were subjected to 
two different methods of pre-treatment prior to chemical analysis. Feed beer samples 
were either freeze dried and re-suspended in imidizole or left untreated. Freeze 
drying and re-suspension of the layer prior to chemical analysis produced a 
carbohydrate concentration of 76.91 Wt. %, protein concentration of 2.41 Wt. % and 
polyphenol concentration of 1.13 Wt. %. Both protein and polyphenol were found to 
be present in lower concentrations in the feed beer than in the membrane fouling 
layers. This was also found in the experiments carried out using yeast-free beer and 
suggests that both protein and polyphenol were preferential deposited onto the 
membrane.
Comparison of the influence of pre-treatment on the chemical analysis of the samples 
can carried out by comparing the concentrations, in mg litre"1, of the feed beer sample. 
Carbohydrate concentration was found to be 23,600 mg litre"1 in the freeze dried 
sample and 38,000 mg litre"1 in the sample which was stored at low temperature prior 
to analysis. Protein concentrations were 741.4 mg litre"1 (freeze dried) and 383 mg 
litre"1 (cold stored). Polyphenol concentrations were 348 mg litre'1 (freeze dried) and 
260 mg litre"1 (cold stored). This trend in the influence of sample pre-treatment was 
similar to that found when analysing the beer PCC-NY.
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4.2.S.3. Fouling layer Compositions -  Development of Fouling Layer
Results from the analysis of the fouling layers produced after filtrations to 2.7 bar, to
1.0 bar and after 30 minutes filtration time are presented in Tables 4.2.17 to 4.2.19. 
Over the three steps of fouling investigated carbohydrate concentration varied from
54.50 Wt. % to 60.41 Wt. %. There was no statistically significant difference found 
between the layers formed after different levels of fouling. Protein concentrations in 
the fouling layer varied from 8.14 Wt. % to 5.04 Wt. %. The amount of protein 
deposited appeared to increase as the filtration run progressed. Significantly, more 
protein was found on the membrane when fouling to the maximum TMP of 2.7 bar 
(8.14 Wt. %). Only a small amount of additional protein was found as the membrane 
layer developed from 30 minutes until in had produced a resistance sufficient to 
increase the TMP to 1.0 bar (5.04 Wt. % to 5.52 Wt. %). Polyphenol concentrations 
in the fouling layers varied from 1.74 Wt. % to 1.25 Wt. %. There were no 
statistically significant variations in the polyphenol concentrations as the fouling layer 
developed.
Analysis of the membrane foulant concentrations suggest deposition of similar 
concentrations of carbohydrate, protein and polyphenol to those found in the fouling 
layers formed in as part of the work presented in Sections 4.2.3.1 and 4.2.3.2.
Using the freeze drying and re-suspension pre-treatment methods, carbohydrate 
membrane concentrations ranged from 0.81 mg cm'2 to 0.28 mg cm'2. Analysing the 
fouling layers without any pre-treatment, only cold storage in distilled and de-ionised 
water, yielded values of carbohydrate between 0.52 mg cm*2 and 0.41 mg cm"2.
Protein concentrations ranged from 0.11 mg cm'2 to 0.02 mg cm'2 when samples were 
frozen and re-suspended and ranged from 0.05 mg cm'2 to 0.03 mg cm'2 when 
samples were not pre-treated.
Page 51
______________________________ Mark Tavlor. Eng. D. 48 Month Dissertation: CHAPTER 4 - Results
Frozen and re-suspended samples gave polyphenol concentrations of between 0.02 mg 
cm'2 and 0.01 mg cm*2. Untreated samples subject to the same method of polyphenol 
analysis yielded results ranging from 0.06 mg cm*2 to 0.03 mg cm'2.
These data suggest that the concentrations of both protein and carbohydrate increase 
as the fouling layer develops. This suggests that more of these classifications of 
components are being deposited as the fouling layer is developed. Although the 
general trend is clear, samples pre-treated using the different methods gave slightly 
different responses. There were no clear trends observed in the polyphenol results.
Table 4.2.20 presents the feed beer concentrations of polyphenol, protein and 
carbohydrate. The concentrations are very similar to those observed in Batches E and 
F (Table 4.2.16.). As with the analysis of those batches, freeze drying and re­
suspended in imidizole yielded greater concentrations of both protein and polyphenol 
but also resulted in lower levels of carbohydrate detection
4.2.4. Membrane Selectivity — Development o f  Fouling Layer Study Only
Feed sample particle size distribution data are shown in Figure 4.2.4. These data 
include distributions taken from each experiment. Similarly to the data presented in 
Section 4.1.3., the PCS has resolved the particle size data into two peaks, one at 
approximately 1pm the other at approximately 0.1pm. As with the earlier data , this 
height of the peak in the 1pm range is approximately three times that of the peak in 
the 0.1 pm range. All feed particle size distributions appear to be very similar and 
there is no evidence of the size distributions changing as the beer was stored.
Filtrate particle size distributions are presented in Figure 4.2.5. They suggest that the 
membrane had removed all of the particles in the 1pm peak but removed very little of
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any of the particles in the 0.1pm peak. This supports the findings presented in 
Section 4.1.3. The only slight variation in filtrate particle size distributions is shown 
with the samples taken after filtering for 30 minutes. Filtrate particle; size 
distributions taken at the end of these experiments suggest a slightly lower 
concentration of particles over a wider size range (0.03 pm to 0.9pm).
Feed and Filtrate particle concentrations and effective particle diameters as 
determined by the PCS are presented in Table 4.2.21. Given the spread of data, there 
was no significant differences between any of the feed samples analysed nor any of 
the filtrate samples produced. Filtrate samples were also comparable to those 
produced by filtration using conventional diatomaceous earth (Figure 4.1.21.).
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Part 3: Improving filtration performance
4.3.1. Introduction
It was the objective of the process improvement study to maximise membrane 
throughput whilst minimising the increase in TMP. This was to be carried out whilst 
also ensuring that the membrane produced a beer comparable in quality to that of a 
diatomaceous earth filtered beer.
Membranes with a larger pore size were evaluated. The performance achieved with
1.20 pm pore size membranes was compared to that achieved with the original 
0.45 pm membranes. PCC-NY beer was used in this study, it was obtained fresh from 
the brewery and named Batch H. The filtrations were carried out at “difficult” 
filtration conditions; a flux of 200 litres m'2 hr"1, crossflow velocity of 0.38 m s'1 and 
at a temperature of 5°C. In these investigations the membrane filtration kinetics were 
evaluated, feed and filtrate samples were taken for analysis using a PCS and 
membrane layers were removed for analysis of foulants. The membrane fouling 
layers were removed once the maximum TMP of approximately 2.7 bar had been 
reached. Membrane layers were freeze-dried and re-suspended in imidizole prior to 
wet chemical analysis for carbohydrate, protein and polyphenol. A sample of 
feed/retentate beer was also taken for chemical analysis of foulant. This too was 
freeze-dried and then re-suspended in imidizole prior to analysis. Fouling layers were 
produced and filtration experiments were carried out in duplicate. Fouling layers 
from duplicated experiments were grouped together after freeze-drying and prior to 
re-suspension in imidizole. Duplicate experiments produced sufficient foulants such 
that the assays could have been replicated should there have been any anomalous 
results. Samples were not analysed using both methods of sample pre-treatment as 
discussed in Section 3.7.2. For all results in this part, only the freeze-drying and 
imidizole re-suspension method of pre-treatment was employed.
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To aid interpretation of the data from the PCS, a further study was carried out. This 
study examined the relationship between the data from the PCS and beer colloidal 
stability. PCC-NY beer was filtered in a "Büchner" dead-end filter using membrane 
and filter paper over a range of sizes. This produced filtrate beers with a wide-range 
of sub-micron particle concentrations. These samples were then stored and agitated 
aerobically at 4°C for 4 days in an attempt to accelerate haze formation. Initial and 
final PCS data for each beer were determined. These results were compared to the 
readings from the hazemeter. The haze readings were determined at 10°C. Haze 
readings using the hazemeter are the typical industry measure of clarity, values of less 
than one often classify the beer as "bright" and therefore of acceptable quality.
4.3.2. Filtration Kinetics
Filtration kinetics were evaluated using TMP vs. time, TMP vs. cumulative filtrate 
volume, resistance vs. time and resistance vs. cumulative filtrate volume response. 
Responses were similar in shape to those observed in all other experiments. R- 
squared values for the proportional regions of the response varied from 0.995 to 0.997 
across all the responses evaluated. All responses are included as Figure 4.3.1.
4.3.2.I. TMP responses
TMP response data are the graphs labelled (a) in Figure 4.3.1. These responses are 
summarised according to the criteria defined in Section 4.1. in Table 4.3.1. The 
responses show clear differences in the experiments carried out using the two 
different pore sized membranes. In repeated experiments, increasing the pore size 
from 0.45 pm to 1.20 pm resulted in both increased times and processed filtrate 
volumes to TMPs of 1.0 bar and 2.70 bar were reached.
Times and processed filtrate volumes to a TMP of 1.0 bar varied from 1370 seconds
to 3580 seconds and 67.57 litres m'2 to 178.64 litres nf2. Times and processed filtrate
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''volumes to a TMP of 2.7 bar varied from 1990 seconds to 5995 seconds and 98.09 
litres m"2 to 279.69 litres m"2. In all cases, the upper values were obtained with 1.20 
pm membranes and the lower values obtained with 0.45 pm membranes.
Gradients of the TMP vs. time and TMP V5. cumulative filtrate volume responses after 
a TMOP of 1.0 bar was surpassed also altered as the membrane pore size was varied. In 
all cases, the rates of change of TMP and gradients of the cumulative filtrate response 
were lower in the experiments using 1.20 pm membranes. TMP vs. time gradients 
varied from 2573 x 10'3 bar hr"1 to 10136 x 10'3 bar hr"1. TMP vs. cumulative filtrate 
volume gradients varied from 14 x 10‘3 bar m2 litre"1 to 57 x 10"3bar m2 litre"1.
All the response values obtained with the 0.45 pm membrane were comparable to 
those obtained when filtering at a flux of 200 litres m"2 hr"1 using beers from Batches 
A and B (Section 4.1.2.1.).
In the repeated experiments, carried out on the subsequent day, there appears to be a 
slight deterioration in filtration performance (reduction in times and volumes, 
increases in gradients). Although consistent, in many cases this variability is within 
the errors associated with the experimental techniques. Deterioration in filtration 
performance as beer aged was noted in Section 4.2. and had also been observed in 
earlier studies [2, 45].
4.3.2.2. Fouling Resistance Responses
Resistance vs. time and resistance vs. cumulative filtrate volume responses are shown 
as the graphs labelled (b) in Figure 4.3.1. The summarised data is included as Table
4.3.2. The resistance responses suggest very similar trends to those observed in the 
TMP responses. In all cases, increasing membrane pore size resulted in increased 
filtration times and processed filtrate volumes producing a resistance of 1 x 1012 m"1.
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Gradients of the resistance response curves were reduced as membrane pore size was 
increased.
As with the TMP response data, the data collected using 0.45 pm membranes 
compares well with the data from Batches A and B in Section 4.1.
4.3.3. Fouling layer compositions
Foulant compositions of the layers formed on 0.45 pm and 1.20 pm membranes are 
presented in Table 4.3.3. and 4.3.4. respectively. Compositions are comparable to 
those seen in previous layers formed when filtering NCC-NY beer. Carbohydrate 
concentrations varied from 59.39 Wt. % to 61.12 Wt. % with no statistically 
significant variation observed between the layers formed on the differing membranes. 
Polyphenol concentration in the fouling layers on both membranes was 0.69 Wt. %. 
Protein concentrations ranged between 3.84 Wt. % and 3.03 Wt. %. Protein was 
present in a higher concentration in the layer formed on the 0.45 pm membrane. 
Membrane foulant concentrations are comparable to those seen in the previous fouling 
layers. Protein and polyphenol concentrations were the same in both layers at 0.03 
mg cm'2 and 0.01 mg cm'2 respectively. Carbohydrate membrane concentrations were 
0.62 mg cm’2 in the layer formed on the 1.20 pm membrane and 0.45 mg cm'2 on the 
layer formed on the 0.45 pm membrane.
Concentration of protein, polyphenol and carbohydrate in the feed beer are presented 
in Table 4.3.5. They are comparable to those found in experiments on earlier batches 
of beer (Tables 4.2.13. 4.2.16 and 4.2.20.). Protein and polyphenol are present in the 
feed beer at lower concentrations than were found in the fouling layers. This supports 
the earlier finding which suggested that protein and polyphenol were deposited 
preferentially at the membrane surface.
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4.3.4. Membrane Selectivity
Particle size distributions of the feed beer used in the investigations are presented in 
Figure 4.3.2. As with the previous experiments, the PCS resolved the 
macromolecules into 2 peaks; one at nominally 1.0 pm; the other at nominally 
0.1 pm. The intensity of the peak at 0.1 pm was approximately half that of the 
intensity of the peak at 1.0 pm. There was no significant difference between any of 
the particle size distributions of the feed beers.
Particle size distributions of the filtrate samples taken at the end of each filtration run 
are presented in Figure 4.3.3. The distributions suggest that, as observed with the 
earlier experiments, filtering with a 0.45 pm membrane led to the removal o f all the 
material from the 1.0 pm peak but none from the 0.1 pm peak. Similarly, filtering 
with the 1.20 pm membrane produced beer with the same concentration of particles in 
the 0.1 pm peak as was found in the corresponding feed. However, unlike the results 
from the 0.45 pm membrane experiments, a small residual quantity of particles in the
1.0 pm peak remained. The intensity of this residual material was approximately one 
third that of the material in the 1.0 pm peak and one sixth of that found in the 
corresponding feed samples. Samples produced using the 0.45 pm membrane had a 
distribution comparable to that found in sample filtered using conventional filtration 
methodologies (shown in Figure 4.1.21.).
Feed and filtrate concentrations and effective particle diameters are presented in Table 
4.3.6. There was no significant difference in the concentrations and diameters of any 
of the feed beer samples. Concentrations of the filtrate samples were all similar. The 
effective particle diameters were slightly greater in the samples produced from the
1.20 pm membrane. This was a direct consequence of the residual material in the
1.0 pm peak.
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4.3.5. Investigations to aid Interpretation o f  PCS Data
Relationships between two PCS parameters, effective particle diameter and 
concentrations, and the common industry measure of clarity, Haze (°EBC) are shown 
in Figure 4.3.4. and 4.3.5. Both parameters have a proportional relationship with haze 
over the haze range 0°EBC to 8°EBC. Despite this clear relationship there is some 
variability between the PCS parameters and haze in the crucial area of 1°EBC. Beers 
with a haze reading of 1°EBC or less are classed as “bright” [7] and would typically 
pass industrial quality control procedures.
Effective particle diameter and particle concentration are plotted against both change 
in haze over 4 days and final haze values in Figures 4.3.6. and 4.3.7. Again, the PCS 
data show a clear relationship to the typical industrial measures. Of particular interest 
are the values of particle diameter or concentration which produce a beer with a final 
haze of less that 1°EBC and negligible change in haze. These specifications would 
probably be acceptable commercially. From analysis of these figures concentrations 
of less than 10 kcps and an effective particle diameter of less than 200 nm appear to 
be the defining criteria to meet this specification.
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CHAPTER 5: DISCUSSION
5.1. Part 1: Initial Study into the effect of crossflow velocity, flux 
rate and the presence of yeast on filtration kinetics and membrane 
selectivity during the constant flux microfiltration of beer.
5.1.1. Introduction.
This part of the investigation aimed to investigate filtration kinetics when filtering at a 
range of fluxes that were representative of flux levels that could make the technology 
economically competitive with existing diatomaceous earth filtration technologies 
[27]. At each flux, beer was processed at two crossflow velocities. These were 
within a range of crossflow velocities used in extensive studies that had previously 
been carried out at Brewing Research International (BRI) [27 - 30].
Of particular interest was a sub-critical flux (See definitions in Section 2.) existing at 
an economically competitive flux level. In addition, it was hoped that this study 
would focus future attention on very specific experimental conditions that showed the 
most “interesting” and differentiating filtration kinetics. Once selected, these 
conditions could then form a basis on which the composition of the membrane fouling 
layer could be studied in more detail (Section 5.2). The rationale behind this was that 
experimental conditions producing the most variation in filtration kinetics may also be 
the same conditions that could promote variability in the compositions o f the fouling 
layer that were formed.
Filtration kinetics were evaluated initially by monitoring changes in the system 
TransMembrane Pressure (TMP) as the filtration run progressed. Through some 
simple mathematical manipulation (See Section 4.1.2.), this could be converted to a 
total resistance, representative of the membrane resistance, and irreversible and 
reversible resistance due to fouling at the membrane. Total resistance will be used in 
the majority of instances to discuss the membrane filtration kinetics as it is a more 
accurate representation than TMP of the condition of the membrane and any foulants 
that have built up. Resistance has been used in other studies investigating fouling in 
beer filtration [41-44].
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Membrane selectivity was also evaluated at each set of conditions. These data will be 
used to aid interpretation of the filtration kinetic data. Filtration clarity will be 
compared to that achieved using conventional diatomaceous earth filtration.
The influence of yeast on the membrane filtration kinetics and the membrane 
selectivity was evaluated by filtering beer containing yeast as well as beer from which 
the yeast had been removed by brewery centrifugation.
5.1.2. Filtration Kinetics
5.1.2.L General Response Curve
Over fluxes ranging from 50 litres m'2 hr'1 to 200 litres m*2 hr'1 and at crossflow 
velocities of 0.38 m s'1 and 1.50 m s'1, the TMP and resistance response curves were 
similar in their shape. The TMP or resistance remained at a value within the limits of 
experimental detection until after a certain time or after filtrate volume had been 
processed. Following this time or filtrate volume, the TMP and resistance values 
began to increase. Once a TMP of 1.0 bar or a resistance value 1 x 1012 m"1 was 
exceeded the response became proportional with a positive gradient. The times and 
cumulative filtrate volumes to reach a TMP of 1.0 bar or a resistance of 1 x 1012 m'1 
varied as process conditions were varied. The gradient of the response after these 
values had been exceeded also varied as experimental conditions were changed. The 
response continued to be proportional until the maximum TMP (or resistance) was 
reached.
These data suggest that when filtering beer of this kind, regardless of the presence of 
yeast, over these ranges of operating conditions, the chosen fluxes that would allow 
the technology to compete economically with the existing filtration processes were 
not below the critical flux point. At all fluxes and all crossflow velocities a point was 
reached at which resistance or TMP increased significantly.
No detailed investigations have been published into the constant flux, crossflow 
microfiltration of beer. Similarly, there are few response shapes of the kind seen in 
these experiments in the literature. This is primarily because the majority of the 
studies in a constant flux mode of operation have concentrated upon the identification 
of the critical flux values [8-25]. These experiments tended to be terminated the
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moment that the system TMP began to increase. Two studies show filtration 
responses similar response to that seen in the experiments discussed here [15, 20]. No 
attempt was made by the authors to try to discuss the responses.
Without visual evidence it is difficult to be conclusive about the fouling behaviour 
required to produce the responses seen. However, one may hypothesise that the initial 
period of low or negligible resistance occurs due to a period of fouling layer 
development. It has been reported that significant particle deposition and/or layer 
development is possible in constant flux crossflow microfiltration before any rise in 
TMP is observed [13, 14, 17, 18].
Once the fouling layer had begun to develop significantly, resistance began to 
increase. After a resistance value of 1 x 1012 m"1 was exceeded, the increase in 
resistance was proportional to both filtration time and cumulative filtrate volume for 
the remainder of the experiment. A continual proportional increase in resistance was 
contrary to what had been observed in other investigations into constant flux 
crossflow filtration [9, 12]. The responses from these studies tended to show a rapid 
increase in TMP before levelling off to a horizontal asymptote. The asymptotic 
behaviour was assumed to be caused by tangential shear at the surface of the fouling 
layer [9, 12]. It was observed in high concentration particle based systems [9, 12].
Where appropriate the influence of process parameters on the kinetic response have 
been discussed. However, the studies presented were not designed to investigate the 
kinetic response in detail. Observations made throughout the discussion may 
contribute to an understanding of the mechanism of membrane fouling. Experimental 
data and analysis are discussed in the context of potential fouling mechanisms in 
Appendix A.
The values of resistance observed during these experiments are comparable with those 
calculated in experiments on beer operated in a constant pressure mode of operation 
[41, 42, 44, 46, 47]. It was shown that greater than 90 % of the fouling was caused by 
irreversible and reversible surface fouling of the membrane [47].
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5.I.2.2. Influence of Flux
The influence of flux on the membrane filtration kinetics varied depending upon 
whether the data was interpreted in a resistance vs. time or a resistance vs. cumulative 
filtrate volume form. When interpreted as the resistance vs. time data, increasing flux 
from 50 litres m"2 hr*1 to 200 litres m*2 hr"1 resulted in a significant reduction in the 
time required to produced a resistance value of 1 x 1012 m*1. This was due to the 
increased filtrate per unit time passing onto and through the membrane when operated 
at a higher flux value thus resulting in increased fouling. When interpreted from the 
resistance vs. cumulative filtrate volume responses, six of the eight data sets (across 
the two crossflow velocities) presented in Figure 4.9.1. suggested that flux did not 
have a very significant influence on the volume of beer processed to produce a 
resistance of 1 x 1012 m*1..
At a crossflow velocity of 0.38 m s*1, increasing flux from 50 litres m'2 hr*1 to 200 
litres m'2 hr"1 resulted in a slight increase in the volumes processed. At a crossflow 
velocity of 1.50 m s*1, increasing the flux over the same range caused a slight decrease 
in the volumes processed. At each crossflow velocity, the principa physical 
differences between flux data points were the pore velocities and the attractive forces 
to which the foulant particles are subjected as they approach the membrane surfaces. 
Data at higher fluxes will have larger pore velocities and larger attractive forces.
The experimental results suggest that at any given crossflow velocity, pore velocity 
and attractive forces over the ranges investigated have little influence on the initial 
development of the fouling layer. It has been suggested that pore velocities may 
impact upon foulant development. Certain carbohydrates when subjected to high 
shear can form gels [48]. In these instances, pore velocities were either sufficient to 
promote fouling in all cases or in none of the cases investigated. The difference in 
trends between the data at 0.38 m s*1 and those at 1.50 m s*1 suggest that crossflow 
velocity is the dominant variable. The influence of crossflow velocity is discussed 
specifically in Section 5.1.2.3. However, in an alternative study [24] authors have 
reported that it is the balance between localised pore velocities and bulk shear that 
have the most significant influence on deposition in a constant flux mode of 
operation.
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Given that resistances were calculated using actual flux values, it was expected that 
some variation would be observed in the initial resistance values. All experimental 
initial membrane resistances were constant at a negligible value. New membranes 
were used in each experiment. The experimental apparatus used in these experiments 
was not sufficiently accurate to clearly differentiate this initial variation in resistance. 
Membrane resistances have been reported in the range of 2 x 1010 n f1 to 5 x 1010 m"1 
[42]. These are ten-times smaller than the resolution possible in our experimentation. 
Therefore, given our flux, viscosity and, crucially, initial TMPs it was not possible to 
differentiate the initial resistance values at the different flux levels investigated.
Figure 4.1.9. presents the gradients of the resistance vs. time responses at all flux 
values investigated. At a crossflow velocity of 1.50 m s'1 within each batch of beer, 
the gradients were consistent. At a crossflow velocity of 0.38 m s'1, the gradients 
showed some variability but again in most cases this variation was not statistically 
significant and errors were not available for the outlying data points. This observation 
suggests that flux did not play a significant role in the continual increase in total 
resistance. This is contrary to the role of flux in the initial development of resistance 
in which higher fluxes decreased the time required to produced a total resistance of 1 
x 1012 m"1 .
The gradients of the resistance vs. cumulative filtrate volume responses all show a 
clear reduction in gradient value as the flux was increased from 50 m s’1 to 200 m s'1. 
Per unit throughput the increase in resistance was lowest at the higher flux values. 
These data, coupled with, the responses from the linear proportion of resistance vs. 
time responses suggest that the continual increase in resistance was flux independent. 
The contribution to resistance was constant and therefore resistance vs. cumulative 
filtrate volume gradients changed as flux was varied over the ranges investigated.
Across experiments on all four batches of beer the general trend in the influence of 
flux was consistent, however there was some slight variation between batches. 
Absolute values of times and volume to a resistance of 1 x 1012 m'1 varied from batch- 
to-batch but were most consistent in Batches A and C and also in Batches B and D. 
These batches were collected from the brewery within a short time o f each other. It is 
therefore possible that changes in brewery operation of feedstock may have had an 
influence on the filtration characteristics of each beer.
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Gradients of the resistance vs. time and resistance vs. cumulative filtrate volume 
responses also showed similar trends. Gradients from Batches A and C were similar, 
as were those from Batches B and D.
Yeast was present in the beers from Batches B and D. The time and volume to a 
resistance value of 1 x 1012 m'1 and the gradients show very similar responses to 
changes in flux whether yeast is present or not. This suggests that yeast does not 
significantly influence the action of flux on the filtration kinetics. Direct comparison 
of the influence of yeast is not possible due to variations between batches but it has 
been discussed in an earlier study and a direct comparison of the influence of yeast on 
filtration kinetics is included in Section 5.2.2.3.
5.I.2.3. Influence of Crossflow Velocity
The influence of crossflow velocity is shown by difference in the summarised values 
from the kinetic response curves obtained when operating at a crossflow velocity of
1.50 m s'1 and those obtained when operating at a crossflow velocity o f 0.38 m s'1. 
These data are presented in Figure 4.1.11 and 4.1.12. Although some errors are 
significant, all time and volume to resistance of 1 x 1012 m'1 data suggest that as flux 
is increased the influence of crossflow velocity becomes less pronounced. This is 
typical of what one would expect from a crossflow filtration system. The action of 
tangential shear is likely to be more significant on the foulant deposition rate when the 
quantities and velocities at which the foulants approach the membrane are at their 
lowest values (i.e. at the lowest fluxes) as discussed by Gesan-Guiziou et al, 1999 
[24].
The volume to resistance 1 x IQ12 m*1 data is effectively normalised to represent 
resistance per unit throughput. Assuming that each unit throughput contains the same 
quantities of foulant, the differences observed at the different flux values would 
therefore be due to shifts in localised pore velocities and an increased flow towards 
the membrane. Given this assumption, these data would suggest that localised pore 
velocities and increased flow rates towards the membrane do play a role in foulant 
deposition, probably competing with the bulk shear for the retention o f foulants.
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In both the case of,the. gradient of the resistance vs. time response and the resistance 
vs. cumulative filtrate volume response, increasing crossflow velocity had a tendency 
to reduce the value of the gradients. Similarly to the initial resistance data, the degree 
of influence of crossflow velocity on the gradients was dependent upon the flux. At 
low fluxes (50 litres m'2 hr*1) the influence was significant; at high fluxes (200 litres 
m"2 hr*1) it was not significant.
When compared to the influence of flux on the gradient of the resistance vs. time 
responses, the influence of crossflow velocity appears to be contradictory. When the 
data were studied individually there appeared to be few significant differences 
between gradients as flux was varied from 50 litres m*2 hr*1 to 200 litres m*2 hr"1. 
However when the gradients at differing crossflow velocities were compared the 
influence of flux became more apparent. Although small, the actual influence of flux 
became evident when values were compared. The data suggest crossflow velocity 
influences the development of the fouling layer and at a higher crossflow velocity one 
may expect foulants to be retained in the bulk. The types of foulants deposited at 
differing crossflow velocities may have varied and this is discussed in Section 5.2. 
and 5.3.
In a similar way to the influence of flux, the influence of crossflow velocity was 
consistent in all four batches of beer investigated. All batches gave comparable 
responses in filtration kinetics variables when crossflow velocity was changed from 
0.38 m s*1 to 1.50 m s*1. There was some variation from batch-to-batch but again 
Batches A and C and B and D produced data that were similar. The presence of yeast 
in Batches B and D did not have a significant influence on the kinetics’ responses to 
the changes in crossflow velocity..
5.1.3. Membrane Selectivity and Filtrate Quality.
Filtrate samples produced from each batch of beer and at each experimental condition 
were all comparable to those found in a sample of beer filtered using conventional 
diatomaceous earth filtration technologies. There were no detectable influences of 
flux, crossflow velocity nor the presence of yeast on the qualities of the filtrates 
produced. Size distributions, concentrations and effective particle diameters of all 
filtrate beer samples were all very similar and where differences could be noted they 
were not statistically significant. Filtrate samples were all collected after a filtrate
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volume of approximately 40 ml had passed through the membrane. This 
corresponded to a cumulative filtrate volume of approximately 9 litres m"2 and was at 
a resistance value of approximately zero.
Comparison between feed and filtrate samples suggested that virtually all of the 
particles and macromolecules removed by the membrane filtrations were in the size 
range 500 nm to 3000 nm corresponding to a peak at -1.0 pm (1000 nm). Feed beer 
samples typically contained particles and macromolecules that had been resolved into 
two peaks one at -  1.0 pm (lOOOnm) ranging from 500 nm to 3000 nm another at 
-0 .1  pm (100 nm) ranging from 50 nm to 500 nm. Problems in achieving critical 
flux values had been shown in a macromolecular based system with a wide particle 
size distribution [10].
In all experiments, greater than 95% of the material in the larger peak was removed 
by the membrane. In most cases the concentration of particles in the smaller peak 
-0 .1  pm peak observed in the filtrate sample was very similar to that observed in 
corresponding feed beer sample.
Feed beer samples did vary slightly from batch-to-batch however these variations 
offered no insight into the filtration characteristics of the beers. Beer from Batch B 
contained a higher concentration of particles. This could not explain why it had 
inferior filtration characteristics given that beer from Batch D filtered in a similar 
fashion but contained a lower concentration of particles.
Analysis of the feed beers on subsequent days after collection indicated little change 
in the size distribution, particle concentration and effective particle diameter, of the 
samples. Yeast was not detected by Photon Correlation Spectroscopy (PCS). For the 
spectroscope to work accurately it was necessary to remove any yeast from the 
sample. Yeast was removed from the feed beer samples using a 5.0 pm pre-filter. 
Filtrate samples were not pre-filtered prior to analysis using PCS because they had 
already passed through the 0.45 pm membranes in the filtration module. A previous 
investigation using a Coulter-Multisizer apparatus (Discussed in Section 3.4.2.) had 
shown that dosing yeast into the feed beer at the levels described in Section 3.4.2. 
produced a yeast concentration of approximately 10 x 106 cells/ml. It was accepted 
that yeast damage and cell death may influence yeast cell concentrations in the feed
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beer samples containing yeast. For the purposes of these investigations such 
variations were assumed insignificant
5.L4. Conclusions
These experimental data show clearly that fluxes of 50 litres m"2 hr'1,
100 litres m"2 hr'1 and 200 litres m"2 hr'1 are above the critical flux value when 
filtering both Post-Cold Conditioning beer Without Yeast (PCC-NY) and Post-Cold 
Conditioning beer With Yeast (PCC-WY) at crossflow velocities of 0.38 m s"1 and
1.50 m s'1 using 0.45 pm membranes at 5°C. This also suggests that critical fluxes are 
not attainable at economically viable levels [27] in the system investigated.
Filtration kinetics varied as the fluxes were changed over the range 50 litres m'2 hr"1 to 
200 litres m'2 hr'1 and crossflow velocities were changed from 0.38 m s'1 to 1.50 m s'1. 
The filtration kinetic responses all took a common form. Similar responses have been 
observed in constant flux filtration of macromolecular systems [15,20]. The 
membrane appeared to foul slowly, initially resistance then increased before 
continuing to increase proportionally to time and cumulative filtrate volume until a 
maximum TMP or resistance was reached.
Flux had an influence on the initial rate of fouling layer development. At higher 
fluxes the membrane fouled in a shorted time period. At a fixed crossflow velocity, 
the total volume of filtrate processed to produce a fouling layer of resistance 1 x 1012 
m'1 was constant. The linear portion of the resistance responses was independent of 
flux over the ranges investigated. Crossflow velocity tended to have a significant 
influence on the filtration responses only at low fluxes. Typically, results at a higher 
crossflow velocity were an improvement over those at the lower value.
Yeast in the feed beer had little or no discernible impact on the general influences of 
both crossflow velocity and flux over the ranges investigated. The influence o f yeast 
could not be investigated directly due to variations between batches of beer although 
results suggest that batches from the brewery collected within a close time span did 
have similar filtration characteristics.
Of all the filtration conditions investigated, a flux of 50 litres m*2 hr"1 produced the
most varied filtration kinetics responses. This suggested the most significant
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variations in the fouling layers produced. A flux of 50 litres m'2 hr'1 was selected on 
this basis for further investigations into the composition of the membrane fouling 
layer detailed as Parts 2a and 2b of this study.
Particle analysis of the filtrate beer samples showed the distributions, concentrations 
and effective particle diameters of all samples to be similar. They were also 
comparable to those produced when the same beer was filtered using a conventional 
diatomaceous earth technology. It was not possible to make out any differences in 
filtrate quality caused by changes in flux and or crossflow velocity over the ranges 
investigated. The filtrate samples were all collected after the same volume o f beer 
had been processed. Size distribution, concentration and effective diameter of the 
filtrate sample may vary as the filtration run progresses. This was examined as an 
aspect of Part 2b of these investigations.
Feed beer samples all showed a similar size distribution, concentration and effective 
diameter. The feed beer samples had a wide particle size distribution. This may have 
caused problems in the establishment of a critical flux [10]. There were no observable 
relationships between feed particle analysis and membrane filtration kinetics. The 
sizes of particles removed were typical of what may be expected when filtering beer 
through a 0.45 pm membrane. Particles in the size range of -1.0 pm were retained, 
particles in the range o f-0.1 pm passed through the membrane.
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5.2. Part 2a: Composition of Final Fouling Layer
5.2.1. Introduction
In Part 1 of this study, fluxes were investigated over a range at which the crossflow 
technology could compete economically with the existing filtration processes. The 
investigation identified a constant flux of 50 litres m"2 h r1 as a flux at which the 
filtration kinetics responses varied most significantly when subjected to changes in 
crossflow velocity between 0.38 m s'1 and 1.50 m s'1.
This part of the study aimed to investigate if variability in the filtration kinetics at this 
flux could be attributed to a variation in the foulants deposited at the membrane 
surface. Previous studies using a stirred-cell apparatus identified carbohydrate protein 
and polyphenol as foulants at the membrane surface [1], Both protein and polyphenol 
were deposited preferentially in the fouling layer.
Composition of the fouling layers formed at 0.38 m s'1 and 1.50 m s*1 were 
investigated using PCC-NY and PCC-WY beer. The layers were analysed using the 
techniques described in Section 3.7.3 The influence of sample.,pre-treatment on the 
analytical techniques was investigated by preparing samples in duplicate, subjecting 
each to a differing method of pre-treatment. Sample pre-treatment had been discussed 
as one of the possibilities for a significant proportion of the membrane layer 
remaining unidentified [1],
Filtration kinetics to a TMP of 2.7 bar (total resistance value ~ 7 x 1012 m'1) were also 
observed and these could be compared to those discussed in Section 5.1. The 
influence of yeast on filtration kinetics could be compared directly. The batches of 
beer used in these experiments. Batches E and F, were virtually identical. The only 
difference was that yeast was dosed into Batch F to make it representative of brewery 
beer that had not been centrifuged prior to filtration (PCC-WY). Both beers were 
collected from the same brewery tank.
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5.2.2. Filtration Kinetics
5.2.2.1. General Response Curve
The responses shown in Figure 4.2.2. summarised in Tables 4.2.5 and 4.2.6. are very 
similar in their shape to those described in Section 5.1.. This suggests that the fouling 
mechanism may have been similar in both sets of experiments. The relative 
magnitude of the summarised response data suggests that beers from Batches E and F 
had similar filtration characteristics to Batches B and C. This variability in the 
relative magnitudes may be attributed to changes in the brewing process; possibly 
slight changes in feed stock or operational practices.
Unlike the data discussed in Section 5.1., these responses showed some variability in 
the repeated experiments carried out on subsequent days. In all cases, where the 
variation was significant, filtration performance worsened on the second day of 
experimentation. Variation in the filtration characteristics of the beer had been 
investigated previously [2, 45] and been investigated elsewhere [49, 50]. In this 
earlier study, it was suggested that investigations could be carried out within an five 
day window without beer ageing having any significant its the filtration 
characteristics. However, the study was carried out in a constant pressure mode of 
operation in which any subtle changes in the beer may have gone unnoticed due to the 
initial high flux, high fouling regime that the mode generated. A low flux, constant 
flux mode of operation was much more likely to be susceptible to any changes within 
the beer that may have altered its filterability.
Experiments carried out on the same day were assumed comparable. Typically, 
experiments were carried out within 8 hours of each other. It was therefore possible to 
compare the influence of crossflow velocity and yeast on filtration kinetics. On each 
experimental day, four experiments were carried out. Two filtering PCC-NY at 
crossflow velocities ofO.38 m s'1 and 1.50 m s"1; two filtering PCC-WY at the same 
crossflow velocities.
5.2.2.2. Influence of Crossflow Velocity
At a flux of 50 litres m"2 hr"1, increasing crossflow velocity from 0.38 m s"1 to
1.50 m s"1 resulted in a similar improvement in filtration performance as was observed 
in Part 1 of the study. Both time and volume to a resistance value of 1 x 1012 m"1
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increased; the gradients of the responses after this value was exceeded were reduced. 
The changes due to the increase in crossflow velocity are summarised in Tables 4.2.7. 
and 4.2.8. The findings were consistent across experiments carried out on the same 
day and when filtering beer both with and without yeast. The action of crossflow at 
this lower crossflow velocity is consistent with the findings from Batches A, B, C and 
D.
5.2.2.3. The Influence of Yeast
Results from investigations into the influence of yeast do not compromise any o f the 
findings of Part 1. The general trends observed remain consistent. With both beers, 
increasing crossflow velocity improved performance. However, yeast did have an 
influence on the filtration responses and the magnitude of the influence of crossflow 
velocity on those responses. In comparable experiments carried out on the same day, 
yeast present in the feed beer resulted in increased times and processed filtrate volume 
prior to reaching a resistance of 1 x 1012 m*1. Yeast also contributed to lower gradient 
values in both the resistance vs. time and resistance vs. cumulative filtrate volume 
responses.
Yeast may have influenced the initial development of the fouling layer (represented 
by times and volumes to a resistance of 1 x 1012 m"1) by a number of mechanisms. It 
could have protected pores from severe pore plugging by forming a protective barrier 
[51]. Yeast is typically -10 pm in size. The pore sizes in these experiments were 
0.45 pm. Alternatively, yeast could have disrupted the initial foulant formation by 
striking or by being dragged along the membrane surface. The increased influence of 
crossflow observed in experiments containing yeast suggest that a disruption 
mechanism was more likely. At a higher crossflow velocity yeast was more liable to 
be in the bulk retentate stream and therefore not involved in pore shielding. It was 
also likely to strike or be dragged across the membrane at a greater velocity.
Yeast may have influenced the gradient of the resistance responses by limiting any 
layer consolidation. Compared to carbohydrate and protein-polyphenol haze, yeast 
was less likely to be readily compressed by the increasing TMP due to its regular 
shape and relatively ridged structure, supported by a cell wall. The action o f crossflow 
velocity on the resistance gradients is opposite to that observed for the initial 
development of the membrane resistance. Yeast in the feed beer reduced the impact
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of crossflow velocity. This observation would support the suggestions that yeast may 
inhibit layer compression.
5.2.3. Composition of the membrane fouling layer
Fouling layer compositions are presented in Tables 4.2.11, 4.2.12., 4.2.14. and 4.2.15. 
The compositions of the corresponding feed beer samples are presented in Tables 
4.2.13. and 4.2.15. Fouling component concentrations, expressed as weight 
percentages, compare favourably to those found in an earlier simulated crossflow 
filtration study. The beer brand used in these experiments is comparable to beer 
labelled beer iii). in the earlier study [1], Concentrations expressed as weight 
percentages are those analysed with the same pre-treatment of freeze drying coupled 
with re-suspension in a 0.1 M solution of imidizole. In all cases, carbohydrate was 
identified as the predominant foulant, forming approximately 65 Wt. % of the fouling 
layer from beers containing no yeast and approximately 57 Wt. % to 58 Wt. % in 
fouling layers in fouling layers containing yeast. Changing crossflow velocity from 
0.38 m s*1 to 1.50 m s'1 had no significant influence on the carbohydrate 
concentrations identified. Lower carbohydrate concentration identified in fouling 
layers formed when filtering beer PCC-WY is discussed in Section 5.2.3.1.
In all fouling layers studied, weight percentages of both protein and polyphenol were 
observed in the fouling layers in greater proportions than observed in the 
corresponding feed beer. Protein concentrations were approximately 4 Wt. % in the 
layers formed with beer PCC-NY and approximately 3 Wt. % to 4 Wt. % in layers 
formed with beer PCC-WY. Corresponding feed beer samples contained lower 
quantities of protein. Polyphenol concentrations were approximately 2 Wt. % in the 
layers formed with beer PCC-NY and approximately 1 Wt. % in layers formed with 
beer PCC-WY. Corresponding feed beer samples contained lower quantities of 
polyphenol. Preferential deposition of protein and polyphenol supported the findings 
of an earlier publication [1], Protein and polyphenol are components that have been 
associated with colloidal stability problems [3 -  7]. The fouling layers formed in the 
earlier study were in a simulated crossflow environment (stirred cell). These layers 
were formed in a crossflow environment. The presence of carbohydrate, protein and 
polyphenol as membrane foulants from beer had been observed qualitatively by other 
authors [44, 46, 52-57].
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In all fouling layers there remained a significant proportion of unknown material. 
This was discussed in an earlier publication [1]. It was proposed that these unknown 
components were carbohydrate components that the assay found difficult to pick up. 
It was suggested that freeze drying the carbohydrate fraction of the fouling layer may 
cause certain complex carbohydrate present to retrograde. This could then have 
influenced the assay . The short hydrolysis step may not then have been sufficient to 
break down the longer chain, complex, carbohydrates. In an attempt to investigate the 
influence of freeze drying and then re-suspension in imidizole solution (sample pre­
treatment), duplicate samples were analysed using a different pre-treatment method. 
Fouling layers were simply removed using ultrasound into a known volume of 
distilled and de-ionised water. Once dissolved, this solution was analysed using the 
same assays.
5.2.3.I. Influence of Analytical Techniques
The carbohydrate analysis of the fouling layers identified a greater concentration of 
carbohydrate at the membrane surface using the simple ultrasound method in two out 
of the four layers investigated. In one instance, the results were not statistically 
significant and in one instance comparable data was not available. Comparable data 
was not available in the one instance due to procedural errors in the determination of 
the total mass of the freeze-dried membrane. In both feed beer samples a significantly 
greater of carbohydrate was identified in the samples that were not freeze dried and 
re-suspended in imidizole. These finding supported suggestion that freeze drying may 
result in a reduced estimation of the carbohydrate concentration in the membrane 
fouling layer.
Pentosans have been identified as foulants in previous studies [54]. Pentose sugars 
would not be picked up by the assay employed due to the aggression of the hydrolysis 
step [58].
Protein concentrations identified at the fouled membrane surface were lower in three 
out of the four cases in which the simple removal pre-treatment technique was used. 
Data was not available for comparison in the other case. Analysis of the feed beer 
samples also showed lower detection in the samples that were not freeze dried and 
re-suspended in imidizole.
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Concentrations of polyphenol at the membrane surface were found to be greater in 
fouling layer samples that were not freeze-dried and were subjected to simple pre­
treatment. Analysis feed beers for polyphenols using similar pre-treatments showed 
the reverse of this; concentrations were found to be higher in samples that were first 
freeze dried and then re-suspended in imidizole.
Higher concentrations of both protein and polyphenol are what one would expect 
from an assay utilising a freeze drying and re-suspension in imidizole pre-treatment. 
This is because imidizole was expected to disrupt hydrogen bonds and had been 
shown to be effective in solubilising precipitated beer solids [59]. Hydrogen bonds 
are purported [60] to keep protein polyphenol complexes together. Free protein and 
polyphenol were more likely to be picked up by the assays used as the bonding sites 
required in the assays could be shielded by the presence of another molecule [61].
The protein and polyphenol data from the assays using the feed beer samples support 
this argument, as do the concentrations of protein found at the membrane surface. 
The polyphenol concentrations at the membrane surface are contradictory. In the 
samples employing the freeze drying and re-suspension methodology, polyphenol 
detection was at the limit of the assay. This was echoed by the significant errors in 
this reading. This was because the majority of the freeze dried fouling layer had 
already been consumed in the assay to determine the weight percentage compositions. 
Therefore, only a small mass of material was re-suspended in imidizole. In 
comparison, the whole layer was present in the samples that were analysed after 
removal into distilled and de-ionised water.
5.2.3.2. Influence of crossflow velocity on fouling layer compositions
Where direct comparisons are possible (same assay and pre-treatment), the 
carbohydrate concentrations, expressed as mg cm*2, at the membrane appear slightly 
greater in fouling layers formed at lower crossflow velocity. This may be indicative 
of a slightly smaller layer formed. Comparisons of protein and polyphenol 
concentrations at the membrane also support this. These variations in concentration at 
the membrane surface exist despite the fact the relative quantities of each component, 
in terms of weight percent, remain consistent. There is only one statistically 
significant difference between the relative quantities of carbohydrate protein and 
polyphenol deposited at different crossflow velocities. Consistency in the relative
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quantities of foulants deposited suggests that crossflow velocity did not have a 
significant influence on the type of material fouling the membrane.
5.2.3.3. Influence of yeast on fouling layer compositions
Comparisons between samples produced when filtering beer with and without yeast 
suggest that yeast had only a slight influence on composition and concentrations of 
foulants at the membrane. Both carbohydrate weight percentages and carbohydrate 
membrane concentrations were slightly lower in the layers formed with yeast present. 
This difference may be attributed to yeast or yeast debris in the fouling layer. Yeast 
cell wall debris contains significant quantities of complex carbohydrate [62]. These 
would not have been picked up by the carbohydrate assay employed due to the 
difficulty of their hydrolysation. The carbohydrate assays on the feed beer samples 
also identified a smaller quantity of carbohydrate in the beer containing yeast. This 
may have been for the same reasons. The influence of yeast on the identified 
carbohydrate concentration in fouling layers had been observed in an earlier study [1].
Protein and polyphenol concentrations were similar in layers formed when yeast was 
present and when it was not.
5.2.3.4. Foulant characterisation
Carbohydrate, protein and polyphenol have all been suggested as potential filter 
foulants in a wide range of studies on beer filtration [44, 46, 52 - 57]. These 
investigation have quantified their presence in membrane fouling layer formed when 
filtering beer. The specific carbohydrate that is synomanous with filter fouling is 
beta-glucan. Beta-glucan is suggested to readily form gels that can foul filters [48, 63 
- 65]. High shear and temperature cycling are two mechanisms involved in this 
carbohydrate gel precipitation [48, 63]. Other carbohydrates suggested as foulants 
include pentosans [7, 54, 59], alpha-glucans (dextrins) [7, 56], chitin and mannoses 
[48]. The later two are likely to originate from yeast cell wall material. As discussed, 
these materials are unlikely to be picked up by the assay employed. It was also 
impossible to differentiate between the pentose sugars using the assay employed in 
these investigations.
Foulants composed from protein and polyphenol are typically present in beer in a
soluble complex form [3 - 7, 59, 60]. Precipitation of the complexes likely to be
dependent upon both temperature [3 - 7] and concentration gradients. Low
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temperature filtrations and increased foulant concentration at the membrane surface 
have promoted their deposition in the experiments observed. It has been suggested 
that proteins may also bond to carbohydrate gels [6, 7, 49, 63] and that protein and 
polyphenol complexes may actually also be involved in forming a further complex 
with carbohydrate, possibly through an inclusion mechanism [6, 63]. Such hybrid 
foulants or complexes may form part of the fouling layer as quantified in these 
studies.
5.2.3.S. Size and structure of foulants, membrane-foulant interactions
Little information is available regarding the relationship between the size and 
structure of particulates within an unfiltered beer and their composition. Glucans are 
reported as having a molecule weight of between 103 and 107 daltons [66] and to form 
gels when precipitated. Protein polyphenol complexes are reported in the range 103 to 
104 dalton [7, 60]. Longer chain polymerised polyphenols are stated as those most 
likely to be involved [3, 4, 7]; forming precipitated protein-polyphenol complexes. 
Freeman, 1997 [32] suggests that all hazes are typically less than 4pm in nominal 
diameter and are irregular in their size and structure. Particulate/macromolecules 
removed by the membrane were shown to be in the size range 500 nm to 3000 nm 
(Section 5.1.3.).
Non-biological haze, which includes protein, polyphenol and carbohydrate, is 
reported to be slightly negatively charged at the pH of beer [67]. Yeast is also 
negatively charged [67]. The membranes used in these investigation were slightly 
hydrophilic [68] and positively charged. There was likely to be a slight attractive 
force between the foulants and the membrane. Despite this, the membrane had shown 
its potential for beer filtration in an earlier comparative study on the influence of 
membrane material [54],
5.2.4. Conclusions
The fouling layers produced in all investigations were comparable to those produced 
in an earlier study in a simulated crossflow environment [Taylor et al, 2001]. In all 
layers, carbohydrate was found to be the most significant foulant. Protein and 
polyphenol were also positively identified. The relative concentrations o f protein and 
polyphenol found in the fouling layer were greater than those found in the 
corresponding feed beer samples. This suggested a preferential deposition of both
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protein and polyphenol at the membrane surface. Preferential deposition of these 
components had also been observed in the earlier study [Taylor et al, 2001].
Significant quantities of foulant material remained unidentified by the techniques 
used. An investigation into influence of sample pre-treatment suggests that a 
proportion of the unidentified material may be carbohydrate that is not broken down 
by the hydrolysis step of the carbohydrate assay. Freeze drying the samples before 
analysis reduced the quantity of carbohydrate found in the samples. Freezing could 
make the carbohydrates present more difficult to break down as they may retrograde 
at low temperatures. Yeast or yeast cell debris may contain specific types of 
carbohydrate such as chitin or mannose [62]. Should these be present in the fouling 
layer then it would also be difficult to resolve them in the assay employed. This may 
explain why a slightly greater proportion of the fouling layer remained unidentified 
when filtering beer PCC-WY.
The freeze drying samples and re-suspending them in a solution of imidizole resulted 
in greater concentrations of both protein and polyphenol being identified in the 
fouling layers. It is suggested that this was due to imidizole disrupting the hydrogen 
bonds. Hydrogen bonds are suggested to hold protein-polyphenol complexes together 
[60].
Increasing crossflow velocity from 0.38 m s'1 to 1.50 m s'1 at a flux of 
50 litres m"2 hr"1 had very little impact on the composition of fouling layers formed. 
Slightly smaller amounts of material were found, but the relative proportions of 
carbohydrate, protein and polyphenol remained consistent.
The filtration kinetics were very similar to those observed Part 1 of this study. 
Increasing crossflow velocity was suggested to improve filtration performance by 
inhibiting both initial layer formation and then the further proportional development 
of membrane resistance. Yeast present in the feed beer improved filtration 
performance.
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5.3. Part 2b: Investigation into variations in the fouling layer 
composition as the layer develops
5.3.1. Introduction
Earlier investigations, discussed as Part 1, found a flux of 50 litres m"2 hr'1 produced 
the most significant variations in filtration kinetics as crossflow velocity was varied 
from 0.38 m s'1 to 1.50 m s'1. Studies discussed as Part 2a found that the final 
composition of the fouling layer did not vary when beer was filtered at these 
conditions. The composition of the fouling layer was similar to that seen in an earlier 
study [1].
This set of experiments aimed to investigate any variation in composition of the 
fouling layer as the layer developed. A new batch of beer without yeast. Batch G, was 
filtered at a flux of 50 litres m'2 hr'1 and a crossflow velocity of 0.38 m s'1. Fouling 
layers were removed and analysed after pressures of 2.7 bar and 1.0 bar were reached. 
Fouling layers were also removed and analysed after a total filtration time of 30 
minutes. Filtrations were carried out in duplicate, on subsequent days. Filtration 
kinetics were monitored. Layers removed were analysed in an identical fashion to the 
layers removed in Part 2a. Layers were analysed following two methods of sample 
pre-treatment: one layer was removed into a known volume of distilled and de­
ionised water; a second layer was freeze dried and re-suspended in imidizole. After 
pre-treatment samples were assayed using identical techniques.
Particle size analysis was carried out as part of these investigations. Filtrate samples 
were taken at the end of each filtration. Samples were therefore taken after TMPs of 
2.7 bar and 1.0 bar were reached and after 30 minutes filtration time. Particle size 
data was generated using PCS. The filtrate samples could be compared to their 
corresponding feed beer samples and to a sample of the beer filtered using 
conventional diatomaceous processes.
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5.3.2. Filtration Kinetics
The filtration kinetics produced when generating the fouling layers were very similar 
to those seen in all other investigations. The shape of the kinetic responses was 
similar, suggesting some similarity in the way in which the layers were developed and 
maintained.
There was little significant variation in filtration kinetics between experiments 
repeated on the same day. Experiments carried out subsequent days showed some 
variation. The filtration performance worsened as the beer aged over a period of 24 
hours. A similar observation from the filtration kinetics of Part 2a is discussed in 
Section 5.2.2. As the beer aged over a further 24 hours, no further deterioration was 
discernible. Ageing of beer is discussed specifically in Section 5.5.
5.3.3. Composition of the Fouling Layer
The composition of the fouling layer formed (expressed as Wt. %) when the 
membrane was fouled to a pressure of 2.7 bar was very similar to those seen in Part 2a 
and in an earlier published study [1]. The only discernible difference between fouling 
layers was in the quantity of protein identified. Approximately . 8 Wt. % protein was 
identified in final fouling layer from this study. Approximately 3 Wt. % to 4 Wt. % 
was found in layers from Part 2a. A lower concentration of protein was found in the 
feed beer suggesting the foulant was preferentially deposited at the membrane surface. 
Polyphenol fractions were present in the layer in concentrations similar to those 
observed in Part 2a and Taylor et al, 2001. However, the concentration o f polyphenol 
in the feed beer was greater in Batch G. These polyphenol data suggest that in this 
specific example, polyphenol was not deposited preferentially at the membrane 
surface.
The fouling layers produced when the filtration run proceeded until a TMP of 1.0 bar 
and until after 30 minutes of filtration time were very similar in their compositions. 
They contained similar quantities of carbohydrate and polyphenol to the layer formed 
when the filtration run proceeded to 2.7 bar TMP. The concentration o f protein, 
expressed as Wt. % reduced slightly as the filtration experiments were reduced in 
their duration. This suggests that protein was deposited in greater proportions later in 
the filtration process. Protein plays a role in beer colloidal stability [3 -  7]. This
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finding may have implications for the technology. Crossflow filtration may be able to 
clarify and stabilise the beer in a single processing step dependent on the condition of 
the fouling layer.
The influence of sample pre-treatment treatment on the assays is similar to that 
observed in Part 2a. In two out of four samples, carbohydrate was identified in 
greater concentrations when the sample was not freeze-dried. In one sample there 
was no significant difference between the methods and in the other carbohydrate was 
identified in smaller concentrations when the sample was not freeze-dried. The 
possible impact of freeze drying on the carbohydrate assay has been discussed in 
Section 5.2.3.1
The influence of pre-treatment on protein and polyphenol assays was exactly the same 
as that observed in Part 2a of the study. Protein concentrations were greater in the 
samples freeze dried and re-suspended in imidizole. Polyphenol concentrations were 
greater in feed beer samples when freeze dried and re-suspended but lower in the 
fouling layer samples subjected to the same pre-treatment. These trends in data were 
discussed in Section 5.2 3.1.
In general, the concentrations of foulant at the membrane surface, expressed as 
mg cm'2, are comparable to those found in Part 2a. There was a general trend for the 
concentrations at the surface to increase as the filtration runs progressed. This is 
consistent for carbohydrate and protein concentrations. It suggests that these fouling 
components continued to be deposited at the membrane surface throughout the 
filtration run. As highlighted through the Wt. % data, protein was the only component 
that appeared to be deposited in greater quantities as the filtration run progressed. 
Protein has been identified as a foulant in model beer systems [46, 51, 57], it is also 
associated with carbohydrate hazes [6, 7, 59, 63] and protein-polyphenol complexes 
[3 - 7], Given that protein concentrations increased significantly but polyphenol 
concentrations did not, the protein deposited may not be that associated with protein- 
polyphenol complexes.
5.3.4. Particle Size Analysis
The particle size distributions show similar trends to those observed in Section
4.1.1.2. These are discussed in Section 5.1.3. These data show the particles removed
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from the feed beer to be in the nominal size range 500 nm to 3000 nm peaking at -1.0 
pm (100 nm). Particles in the range 50 nm to 500 nm peaking at -0.1 pm (100 nm) 
passed through the membrane. The only difference in filtrate quality observed as the 
filtration run progressed was in the samples produced after 30 minutes of filtration 
time. These filtrate samples had a wider size distribution and larger effective particle 
size diameter (Table 4.2.21.) This suggested that the development of a fouling layer 
may play a role in the retention of particles. Feed samples varied little in each of the 
experiments. Their particle size distributions, particle concentrations and effective 
diameters were all very similar. Variations in the PCS data from the feed samples did 
not correlate with the observed variations in filtrations kinetics as the beer aged.
5.5.5. Influences o f identified foulants and particle size data on fouling 
layer development
There were few variations in fouling layer compositions as the filtration run 
progressed. This suggested that similar foulants would be deposited throughout the 
fouling period. Protein may be deposited in greater quantities towards the end of the 
filtration run. This would be within the proportional region. An increase in the 
quantity of foulants deposited at the membrane surface, expressed in mg cm'2, was 
observed as the filtration run progressed. This suggests thàt additional foulant 
material was deposited throughout.
A wider particle size distribution and larger effective particle diameter was observed 
in the samples processed after filtering for the shortest period. This suggests that the 
development of a fouling layer may play a role in the selectivity and that the initial 
period of little or no increase in TMP (or resistance) may be due to the development 
of such a layer. Significant quantities of foulant were found on the membrane despite 
little or no resistance to flow. This is consistent with finding of other authors [13, 14, 
17, 18], all whom observed deposition at the surface without any noticeable increase 
in the resistance.
5.3.6. Conclusions
The findings of the investigation into the development the fouling layer were very 
similar to those observed in both Part 1 and Part 2a of this study. The filtration 
kinetics produced similar shaped responses. Fouling layer compositions were similar
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and were consistent with Part 2a and an earlier published study [1]. The only 
differences observed, concerned the deposition of protein and the total quantities of 
foulants found at the surface of the membrane. Increasing quantities of protein, 
expressed as Wt. %, were found within the fouling layer as the filtration run 
progressed from 30 minutes through to TMPs of 1.0 bar and 2.7 bar. The total 
concentration of protein and carbohydrate, expressed as mg cm'2, increased over the 
same progression. Polyphenol results were not significantly different. Protein was 
deposited in significantly greater quantities than was found in the feed beer, again 
indicating preferentially deposition of this foulant. In this series of experiments, 
polyphenol was not found in the fouling layer in greater proportions than found in the 
feed beer.
After 30 minutes filtration time, the presence of foulants on the membrane was 
confirmed through the quantification techniques employed. After the same time, 
TMP and resistance values were negligible. Foulant deposition without an observable 
increase in TMP or resistance has been observed in constant flux crossflow systems 
by several other authors [13, 14, 17, 18].
The influence of the sample pre-treatment method of freeze drying and re-suspension 
on the assays was consistent with Part 2a; it had a tenancy to inhibit carbohydrate 
identification and promote protein and polyphenol identification.
Filtrate samples produced after 30 minutes of filtration time had a wider size 
distribution and larger effective particle diameters than those produced after filtrations 
to 1.0 bar and 2.7 bar. This suggested that the development of a fouling layer have 
play an impact in the membrane selectivity. Despite this variation, all samples were 
comparable to a sample of the same beer filtered using conventional diatomaceous 
earth technologies.
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5.4. Part 3: Improvement of Filtration Performance
5.4.1. Introduction
PCS data from filtrate samples produced in Parts 1 and 2 were comparable to the data 
from beer samples processed using conventional diatomaceous filters. The aim o f this 
study was to maximise throughput whilst maintaining this product quality. Membrane 
pore size was increased from 0.45 pm to 1.20 pm. The membranes used were made 
from the same material and filtrations were carried out in comparison to a control 
using 0.45 pm membranes. Throughput was evaluated through the TMP vs. time and 
resistance vs. time responses. Quality was assessed using the same PCS apparatus. 
To relate PCS data to information of more use to the brewer, an ancillary study was 
carried out. This looked at the relationship between data from the PCS, colloidal 
stability of the product and °EBC. °EBC is the industry measurement of beer clarity 
[7].
Filtrations were carried out at the known “worst” filtration conditions identified in 
Part 1. All filtrations in this investigation were carried out at a constant flux of 
200 litres m'2 hr*1, crossflow velocity of 0.38 m s*1 and at 5°C. These conditions 
aimed to differentiate any advantages that may be gained by increasing the membrane 
pore size. Beer from a new batch, Batch H, was used. Yeast was not added to this 
batch.
Fouling layers were removed at the end of each run, once a TMP of 2.7 bar was 
reached. Removed fouling layers were subjected to freeze drying and re-suspension 
in imidizole method of pre-treatment. Layers were analysed using the assays 
described in Section 3.7.3.. This decision was made to ensure that results could be 
comparable to an earlier investigation [1]. The pre-treatment method was also shown 
to improve detection of protein and polyphenol. The same procedures were used to 
analyse the feed beer used in the investigation.
Repeat fouling layers, produced after consecutive filtrations at identical conditions, 
were grouped together to provide more freeze dried material for chemical analysis. 
This allowed for a greater quantity of fouling layer material to be re-suspended in the 
imidizole solution. Protein and polyphenol concentrations were now in the mid-range
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of the detection limits of the assays employed. Sufficient material was also available 
should repeated analysis be required. ■
Feed and filtrate samples were taken at the end of each filtration run. These were 
analysed using PCS as described in Section 3.6. PCS results on the filtrate samples 
produced using both membranes could be compared to results from an investigation 
into the relationship between PCS data, colloidal stability and °EBC. This 
investigation was described in Section 3.9. and is summarised in Section 4.3.5.
5.4.2. F il t rat ion Kin etics
The filtration responses produced when beer was filtered using 1.20 pm membrane 
differed from those produced with the 0.45 pm. Both the filtration times and filtrate 
volumes processed before a resistance value of 1 x 1012 m 1 was reached were greater 
when using the 1.20 pm membrane. The gradients of the resistance vs. time and 
resistance vs. cumulative filtrate volume after the resistance value o f 1 x 1012 m '1 was 
exceeded were smaller when filtering using the 1.20 pm membranes. Despite these 
differences, the general shape of the filtration responses were consistent with all 
earlier findings. This suggested an improvement performance, in terms of throughput, 
when using 1.20 pm membranes. Studies on the influence'of pore size in the 
literature [13] have suggested that pore size has little influence on critical flux due to 
constant drag forces approaching the membrane surface. The investigations carried 
out here do not investigate critical flux directly but do suggest that pore size will 
influence filtration kinetics.
In repeated experiments, carried out on subsequent days, there was some deterioration 
in the filtration performance although this was only statistically significant in the 
repeated 0.45 pm data. The influence of beer ageing was observed in Part 2a and 2b 
and was discussed in Section 5.2 Notwithstanding the variability caused by beer 
ageing, the data from the 0.45 pm membrane experiments was consistent with that at 
200 litres m 2 hr"1 and 0.38 m s'1 observed in Part 1.
5.4.3. Composition of the fouling layer
The compositions of the fouling layers formed both on the 0.45 pm membranes and
1.20 pm membranes were very similar. The only significant difference was in the
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protein data which showed a slightly greater deposition of protein on the layers 
formed on the 0.45 pm. This aside, the amounts of carbohydrate, protein and 
polyphenol identified in the fouling layer were still very similar to those seen in Parts 
2a, 2b and an earlier publication [1], This composition of the fouling layer is 
discussed at length in Section 5.2.3. Comparable compositions of fouling layers also 
suggests that flux did not have a significant impact on fouling layer composition. The 
composition of the layer formed at 200 litres m'2 h r1 on the 0.45 pm membrane filter 
in this study was similar to that observed at 50 litres m"2 hr"1 on the same pore sized 
membrane in Parts 2a and 2b.
As observed previously (Part 2a, Taylor et al, 2001 [1]), protein and polyphenol were 
found in the fouling layers in concentrations greater than found in the feed beer. This 
suggested a preferential deposition of protein and polyphenol. The concentrations of 
carbohydrate, protein and polyphenol found in the feed beer were comparable to the 
same analysis of the feed beers in Parts 2a and 2b.
The quantities of foulant deposited at the membrane, expressed as mg cm"2, differed 
only in the carbohydrate data. Slightly greater quantities of carbohydrate were found 
in the samples deposited on the 1.20 pm membrane. There were no significant 
differences in the protein and polyphenol membrane concentrations as pore size was 
varied from 0.45 pm to 1.20 pm.
5.4.4. Particle Size Analysis
5.4.4.I. Relationship between PCS, Colloidal Stability and °EBC.
As described in Section 3.9., beer samples from Batch H were filtered in a dead-end 
filter using a wide range of filters and membranes. This produced filtrate samples 
with a wide range of concentrations and effective particle diameters as determined by 
PCS analysis. The same filtrate samples were also analysed using the industry 
standard haze EBC technique [1]. To investigate colloidal stability these samples 
were then agitated aerobically and stored at low temperature. Oxygen is reported to 
accelerate haze formation in beer [4, 5] and low temperature is stated to aid haze 
precipitation [3 - 7]. The samples were stored at 4°C for 4 days and then their haze 
values were measured again.
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Relationships between the PCS data on particle concentration and effective particle 
diameter could be established with absolute haze (°EBC) and with change in haze 
caused by the accelerated ageing process. These data are presented in Figures 4.3.4 to 
4.3.7. They suggest a proportional relationship between haze and particle 
concentration, haze and effective particle diameter, and change in haze and effective 
particle diameter. For a filtered beer to meet a minimum industry requirement of an 
initial haze value of less than 1 °EBC and no change in haze value over time it should 
have corresponding PCS values of a concentration of less than - 1 2  kcps and an 
effective particle diameter of less than -  200 nm.
5.4.4.2. Particle size analysis of samples from the 0.45 pm and 1.20 pm 
membranes
The filtrate samples produced at the end of the experimental runs using 0.45 pm and
1.20 pm membranes differed in their effective particle diameters as determined using 
PCS. Diameters determined from the duplicate samples produced using 1.20 pm 
membranes were 117.9 nm and 134.5 nm. This was greater than the results produced 
from the duplicate samples produced by 0.45 pm membranes. Their effective particle 
diameters were 100.4 nm and 104.9 nm. There was no discernible difference between 
the concentrations of these particle nor their size distributions. Analysis of the 
effective diameter and concentration data suggests samples produced by the 1.20pm 
in the context of work detailed in Section 5.4.4.1. suggests that the samples are within 
the limits of commercially acceptability but are also in a range in which there is most 
uncertainty regarding the relationship between PCS data, haze and colloidal stability. 
Larger scale studies would have to be carried out before it could be confirmed that the 
quality specification could be met repeatedly with 1.20pm membranes.
Feed samples collected at the same times were comparable to those seen in studies in 
Part 1 and 2b. Variations in data collected on the feed beers could not explain the 
observed variability in filtration kinetics seen as the beer aged by 24 hours.
5.4.6. Conclusions
Filtration kinetics produced when filtering with 1.20 pm membranes differed from 
those seen with 0.45 pm membranes. 1.20 pm membrane improved filtration 
performance by lengthening the initial period before resistance became significant and
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by inhibiting the increase in resistances as the filtration run progressed. These 
improvements may be attributed to a greater pore size.
Fouling layers formed on 1.20 pm membrane were very similar to those found on 
0.45 pm membranes and to those seen in Parts 2a and 2a and in the published study 
[1]. The only detectable difference were in the proportions of protein that were 
deposited and in the mass of carbohydrate that was deposited. A greater mass o f 
carbohydrate was deposited onto the 1.20 pm membrane. A greater proportion of 
protein was deposited on the 0.45 pm membrane. The relative proportions of protein 
and polyphenol deposited onto both the 0.45 pm and 1.20 pm membranes in this study 
were greater than those found in the feed beer sample. This suggests a preferential 
deposition of these two foulants.
Filtrate quality, evaluated at the end of the filtration run, showed samples produced 
using both 0.45 pm and 1.20 pm membranes to be comparable. The only difference 
was in the effective particle diameters of the beers. 1.20 pm membranes produced 
filtrate samples with a slightly larger effective particle diameter.
There was some variability in the data from a study that attempted to relate data 
obtained via the PCS, colloidal stability and brewery clarity. Typically there was a 
good relationship between effective particle diameters, particle concentrations, 
colloidal stability (expressed as change in haze value) and absolute haze values. 
Given the variability, filtrate samples produced using both membranes were still 
within the limits in which the beer would commercially acceptable to the brewer. - 
This suggested that 1.20 pm membranes could be used with beer of this type and at 
these conditions to improve membrane throughput without compromising quality.
5.5. Additional Discussion: Influence of Beer Ageing
The influence of beer ageing on the membrane filtration kinetics was noted in Parts 2 
and 3 of the study. No influence of beer ageing was noted in Part 1 of the study. 
Potential problems of beer ageing in Part 1 were assessed by varying the days on 
which experiments were carried out (See Tables 4.1.11. to 4.1.18.). In all cases, the 
trends observed in the data were consistent, indicating little or no detrimental impact 
as the beer aged over three days. Variation in the impact of storage time on 
filterability is typical for studies on real-beer [2, 45, 49]. It is a dynamic fluid. The
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beer filterability will not only depend upon storage at BRI but also upstream feed and 
process conditions. The principle variable in this was cold conditioning. The brewer 
themselves varied conditioning periods from 3 to 12 days, dependent upon demand. 
Beer collected from the brewery could have come from any time within the 9 day 
window.
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CHAPTER 6 - CONCLUSIONS
6.1. Introduction
The experimental studies detailed in this document set out to investigate four aspects
of beer crossflow microfiltration:
• the potential for a sub-critical flux at level that would enable the technology
to compete economically with existing filtration technologies;
• variation in the composition of the fouling layer formed at the membrane
surface at different process conditions;
• variation in the composition of the fouling layer as the fouling layer
developed;
• maximising membrane throughput by limiting fouling whilst maintaining
product quality.
Whilst investigating these aspects, several additional findings were made. These are
summarised in the relevant sections.
6.2. Investigations into the influence o f flux and crossflow velocity on 
constant flux microfiltration o f beer -  potential for a sub-critical flux.
• The apparatus and methodologies developed were suitable for the analysis of beer 
filtration in a constant flux mode of operation.
• Existence of a sub-critical flux for the crossflow filtration of beer could not be
confirmed in the systems investigated.
• As beer was filtered through the membrane, there existed a period in which the
system TransMembrane Pressure (TMP) (and resistance) did not increase. This 
period was dependent on both crossflow velocity and flux.
• Pore velocity, over the ranges investigated, had no impact on the initial period of 
constant TMP (and resistance).
• After a specific TMP or resistance value was reached the filtration kinetics 
response became proportional to both time and cumulative filtrate volume. The 
gradient of this response was independent of flux but dependent on crossflow 
velocity.
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• The presence of yeast in the feed beer samples did not have a significant impact 
on the observed filtration kinetics. The influence of flux and crossflow velocity 
was consistent in both filtrations containing yeast and those that were yeast free.
• Batches of beer that were collected at similar times from the brewery produced 
similar filtration kinetics regardless of the presence of yeast.
• Variations in the particle size data of the feed beer determined using Photon 
Correlation Spectroscopy (PCS) could not be correlated with the filtration 
kinetics.
• Within each batch, the particle size data from feed beer samples were similar. No 
variation could be observed in those feed beer samples taken on subsequent days 
or in those following another experiment.
• There was no observable influence of flux, crossflow velocity or yeast on the PCS 
data obtained from the filtrate samples.
• The PCS data from all filtrate samples were comparable to those produced from a 
sample of the same beer filtered using a conventional diatomaceous earth filtration 
technology.
6.3. Composition o f the final fouling layer formed and influence of 
process variables
• The apparatus and methodologies developed were suitable for the removal and 
analysis of fouling layers formed during the constant flux filtration of beer.
• Carbohydrate was the most predominant foulant identified in the fouling layer.
• Protein and polyphenol were found in the fouling layer in greater proportions than 
those in the corresponding feed beer suggesting preferential deposition.
• Both protein-polyphenol complexes and carbohydrate gels may be deposited in 
the fouling layer.
• At the conditions investigated, system hydrodynamics and mode of operation had 
no significant influence on the final composition of the fouling layer.
• In all fouling layers, a significant quantity of material remained unidentified. It is 
postulated that the unknown materials were carbohydrate fractions that had 
remained undetected by the assay employed.
• Freeze drying samples and re-suspending them in imidizole led to an 
underestimation of the total carbohydrates present. The same pre-treatment 
method led to an improvement in both protein and polyphenol detection.
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• Yeast in the feed beer resulted in a slightly reduced quantity of carbohydrate being 
quantified in the fouling layer, suggesting yeast cell wall formed a portion of the 
fouling layer.
6.4. Variations in the composition o f the fouling layer as the layer 
developed
• The proportions of carbohydrate and polyphenol identified in the membrane 
fouling layer did not vary significantly as the fouling layer developed.
• Protein was deposited in the fouling layer in greater quantities as the fouling layer 
developed.
• The mass of all identified foulants in the removed fouling layers increased as the 
filtration run progressed.
• Foulant could be quantified on the membrane when there was no detectable 
increase in either TMP or resistance.
• Particle size data suggests that development of a fouling layer may play a role in 
the retention of fine particles (or macromolecules).
6.5. Improving filtration performance by maximising throughput whilst 
maintaining product quality.
• Filtrations carried out using a 1.20 pm membrane produced differing filtration 
kinetic responses to those seen with 0.45 pm membranes. The performance was 
improved when using 1.20 pm membranes
• Beer samples produced using the 1.20 pm membrane had a higher concentration 
of particles and greater effective particle size diameter than those produced with a 
0.45 pm membrane.
• There was a proportional relationship between particle concentration, effective 
particle diameter (as determined via PCS), beer haze values (°EBC) and colloidal 
stability (measured as change in haze over time).
• Filtrate Samples from both membranes appeared to be within the limits of 
commercial acceptability when the data was compared to the addition 
investigation looking at the relationship between PCS data, haze and colloidal 
stability.
• Membrane pore size had no influence on the composition o f the membrane 
fouling layer.
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CHAPTER 7: RECOMMENDATIONS AND FUTURE WORK
These investigations have demonstrated the potential for using a constant flux mode 
of crossflow filtration operation to investigate fouling layer compositions and fouling 
layer development. The same approach could be used to investigate fouling layer 
development in other areas of crossflow filtration research. Areas o f particular 
interest may be layer development in waste-water treatment, fruit juice and wine 
filtration or milk filtration.
From a brewing perspective, the constant flux mode of operation offers several 
advantages over a constant pressure mode of operation. Future investigations should 
focus on a constant flux mode of operation. Resistance development has been shown 
independent of flux. This has significant implications for future operation of any 
crossflow technologies.
Potential flux enhancement approaches have not been investigated as part of this 
study although they would have a role to play in any large-scale industrial application. 
Enhancement techniques that may be applied include manipulation of flow 
hydrodynamics, changes in membrane morphology and chemistry, layer disruption 
techniques or feed pre-treatment.
This study was successful in the broad classification and quantification of foulants 
deposited as the membrane fouled. Of potential worth may be a more detailed 
investigation into the specific types of foulant deposited, particularly within the 
carbohydrate fraction of the layer. High Performance Anion Exchange 
Chromatography (HPAEC) is one suggested technique that could be employed to 
achieve this.
This study set out to investigate the existence of a critical flux at an economically 
viable level. Such a flux value was not found. In all experiments, the total resistance 
increased significantly after a certain time period. The mechanism by which this 
increase in resistance took place was not investigated through these experiments. It 
would be of interest to study the fouling mechanism in more detail via visualisation or 
through an extensive parameter study. Of particular interest would be the condition of 
the fouling layer.
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In a practical situation, as any given filtration run progresses, the retentate stream 
particle concentration will increase. It would be of great interest to the brewer to 
investigate how such a concentration increase influence filtration kinetics and product 
quality. The filtrations carried out at constant flux as part of the investigation were 
effectively at a constant retentate concentration. Equally, investigations using the 
methodology to filter suspensions containing high concentration of yeast (>10%) 
would be of interest. Constant flux crossflow microfiltration could be used to recover 
beer from the waste product of fermentation (Tank-bottoms).
The investigations presented did not attempt to understand the physical properties of 
the fouling layers formed. Removal of the layer following by simple pressure drop 
investigations using water (or a more suitable solvent such as alcohol) may offer some 
insight into the layers resistance and its compressibility.
The consistency of the filtration kinetics responses suggests that a mathematical 
approach could be taken to model the filtration process. These experimental data will 
form a sound basis on which future models could be based. Suggestions for models 
include the use of the derivations of the Darcy equation coupled with a probability 
function to cope with variations in particle deposition..
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Figure 4.1.13.: Size Distribution Data: Batch A, Cold Conditioned Beer, Crossflow Velocity
0.38 m s"1, Temperature 5°C 
(1) - 50 litres m"2 hr"1, (2) - 100 litres m"2 hr'1, (3) - 200 litres m"2 hr'1
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Figure 4.1.14.: Size Distribution Data: Batch A, Cold Conditioned Beer, Crossflow Velocity
1.50 m s'1, Temperature 5°C
(1) - 50 litres m"2 hr"1, (2) - 100 litres m'2 hr"1, (3) - 200 litres m*2 hr'1
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Figure 4.1.15.: Size Distribution Data: Batch B, Cold Conditioned Beer, Crossflow Velocity
0.38 m s*1. Temperature 5°C 
(1) - 50 litres m"2 hr-1, (2) -100 litres m*2 hr'1, (3) - 200 litres m'2 hr'1
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Figure 4.1.16.: Size Distribution Data: Batch B, Cold Conditioned Beer, Crossflow Velocity
1.50 m s ' , Temperature 5°C
(1) - 50 litres m'2 hr'1, (2) -100 litres m'2 hr'1, (3) - 200 litres m'2 hr-2 1 . -1
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Figure 4.1.17.: Size Distribution Data: Batch C, Cold Conditioned Beer with Yeast, Crossflow
Velocity 0.38 m s'1, Temperature 5°C 
(1) - 50 litres m'2 hr"1, (2) -100 litres m"2 hr"1, (3) - 200 litres m"2 hr'1
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Figure 4.1.18.: Size Distribution Data: Batch C, Cold Conditioned Beer with Yeast, Crossflow
Velocity 1.50 m s"1, Temperature 5°C
(1) - 50 litres m"2 hr'1, (2) -100 litres m'2 hr"1, (3) - 200 litres m'2 hr"1
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Figure 4.1.19.: Size Distribution Data: Batch D, Cold Conditioned Beer with Yeast, Crossflow
Velocity 0.38 m s"1, Temperature 5°C 
(1) - 50 litres m'2 hr'1, (2) - 100 litres m"2 hr"1, (3) - 200 litres m"2 hr"1
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Figure 4.1.20.: Size Distribution Data: Batch D, Cold Conditioned Beer with Yeast, Crossflow
Velocity 1.50 m s"1, Temperature 5°C
(1) - 50 litres m"2 hr'1, (2) -100 litres m'2 hr"1, (3) - 200 litres m"2 hr'1
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0
1 10 100 1000 10000
Particle Size (nm)
Figure 4.1.21.: PCS Data From a Control, Diatomaceous Earth Filtered, Beer
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Figure 4.2.4.: Particle Size Distribution Data:: Stepped Fouling Study 
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Figure 4.3.2.: Particle Size Distribution Data: 1.20jum Membrane Investigation 
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CHAPTER 4: TABLES
Age After 
Collection
(days)
Crossflow
Velocity
(m s'1)
Target Flux 
(litres m*2 hr"1)
Actual
Average
Flux
(litres m"2 hr'1)
Flux Std. 
Deviation
±
(litres m"2 hr"1)
1 0.38 50 50.80 2.49
1 1.5 50 48.50 2.04
2 0.38 100 89.79 5.08
2 1.5 100 94.79 4.12
3 0.38 200 189.70 9.78
3 1.5 200 189.37 5.65
Table 4.1.1.: Batch A, Post-Cold Conditioning Beer, Actual Flux Data, 5°C
Age After 
Collection
(days)
Crossflow
Velocity
(m s'1)
Target Flux 
(litres m"2 h r 1)
Actual
Average
Flux
(litres m"2 hr"1)
Flux Std. 
Deviation
±
(litres m'2 hr"1)
1 0.38 50 44.56 2.80
2 1.5 50 47.82 2.52
1 0.38 100 86.75 3.48
2 1.5 100 103.97 1.49
1 0.38 200 186.30 N/A
2 1.5 200 199.16 N/A
Table 4.1.2.: Batch B, Post-Cold Conditioning Beer, Actual Flux Data, 5°C
Age After 
Collection
(days)
Crossflow
Velocity
(m s"1)
Target Flux 
(litres m"2 hr'1)
Actual
Average
Flux
(litres m"2 hr'1)
Flux Std. 
Deviation
±
(litres m*2 h r 1)
1 0.38 50 51.31 2.38
2 1.5 50 47.63 4.10
1 0.38 100 101.94 4.37
2 1.5 100 97.44 6.85
1 0.38 200 187.34 6.54
2 1.5 200 182.50 13.20
Table 4.1.3.: Batch C, Post-Cold Conditioning Beer with Yeast, Actual Flux Data, 5°C
Age After 
Collection
(days)
Crossflow
Velocity
(m s'1)
Target Flux 
(litres m"2 hr"1)
Actual
Average
Flux
(litres m 2 h r1)
Flux Std. 
Deviation
±
(litres m'2 hr'1)
1 0 .3 8 50 4 9 .1 1 1.01
1 1.5 50 4 7 .9 3 3 .9 7
2 0 .3 8 100 100 .93 1 3 .89
2 1.5 100 8 8 .6 6 10 .07
3 0 .3 8 2 0 0 191 .73 N/A
3 1.5 2 0 0 2 0 0 .5 1 N/A
Table 4.1.4.: Batch D, Post-Cold Conditioning Beer with Yeast, Actual Flux Data, 5°C
4T-1
CHAPTER 4: TABLES
Age After 
Collection
(days)
Crossflow
Velocity
(m s'1)
Target Flux 
(litres m'2 hr"1)
Actual
Average
Flux
(litres m"2 hr'1)
Flux Std. 
Deviation
±
(litres m"2 hr"1)
1 0.38 50 51.06 2.61
1 1.5 50 49.02 1.74
2 0.38 . 50 49.06 2.52
2 1.5 50 48.55 3.04
Table 4.1.5.: Batch E, Post-Cold Conditioning Beer, Actual Flux Data, 5°C
Final Foulants Study
Age After 
Collection
(days)
Crossflow
Velocity
(m s'1)
Target Flux 
(litres m"2 h r1)
Actual
Average
Flux
(litres m"2 hr"1)
Flux Std. 
Deviation
±
(litres m"2 hr*1)
1 0.38 50 45.68 3.27
1 1.5 50 48.27 1.77
2 0.38 50 46.98 1.94
2 1.5 50 47.31 3.64
Table 4.1.6.: Batch F, Post-Cold Conditioning Beer with Yeast, Actual Flux Data, 5°C
Final Foulants Study
Age After Crossflow Target Flux Actual Flux Std.
Collection Velocity Average
Flux
Deviation
+
(days) (m s'1) (litres m'2 hr"1) (litres m'2 hr"1) (litres m*2 h r 1)
1 0.38 50 48.42 1.82
1 0.38 50 47.99 1.85
Table 4.1.7.: Batch G, Post-Cold Conditioning Beer, Actual Flux Data, 5°C 
Stepped Fouling Study. Fouled to 2.7 bar TMP.
Age After Crossflow Target Flux Actual Flux Std.
Collection Velocity Average
Flux
Deviation
+
(days) (m s'1) (litres m"2 hr'1) (litres m"2 h r1) (litres m"2 hr"1)
2 0.38 50 48.05 7.12
2 0.38 50 46.20 3.79
Table 4.1.8.: Batch G, Post-Cold Conditioning Beer, Actual Flux Data, 5°C 
Stepped Fouling Study. Fouled to 1.0 bar TMP.
4T-2
CHAPTER 4: TABLES
Age After Crossflow Target Flux Actual Flux Std.
Collection Velocity Average
Flux
Deviation
+
(days) (m s'1) (litres m"2 hr'1) (litres m"2 hr"1) (litres m'2 hr"1)
2 0.38 50 47.71 0.66
2 0.38 50 51.53 2.87
Table 4.1.9.: Batch G, Post-Cold Conditioning Beer, Actual Flux Data, 5°C 
Stepped Fouling Study. Fouled for 30 minutes.
Age After 
Collection
(days)
Crossflow
Velocity
(m s'1)
Membrane 
Pore Size
Oim)
Target Flux
(litres m 2 hr"1)
Actual
Average
Flux
(litres m 2 hr"1)
Flux Std. 
Deviation
+
(litres m"2 hr"1)
1 0.38 0.45 200 173.96 19.01
2 0.38 0.45 200 177.55 8.81
1 0.38 1.20 200 179.69 14.07
2 0.38 1.20 200 187.68 19.50
Table 4.1.10.: Batch H, Post-Cold Conditioning Beer, Actual Flux Data, 5°C 
Improving Filtration Performance
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CHAPTER 4: TABLES
Sample
Type
Crossflow
Velocity
Flux Concentration Effective Particle Diameter
Size Std. Deviation
m s' 1 litres m"2 h r"1 (-) nm
0.38 50 27.2 496.6 13.6
0.38 1 0 0 28.3 520.7 21.9
Feed 0.38 2 0 0 26.8 518.8 17.5
1.50 50 28.3 516.5 12.4
1.50 1 0 0 25.9 550.7 18.8
1.50 2 0 0 29.6 539.0 18.8
0.38 50 9.6 104.2 3.7
0.38 1 0 0 8 .1 79.2 1 . 2
Filtrate 0.38 2 0 0 7.9 77.7 0.9
1.50 50 8.4 104.3 3.4
1.50 1 0 0 8 .1 80.0 0 . 8
1.50 2 0 0 6.5 74.5 0.5
Table 4.1.19.: Batch A, Feed and Filtrate Sub-Micron Particle Sizes and Effective Particle
Diameters
4T-12
CHAPTER 4: TABLES
Sample
Type
Crossflow
Velocity
Flux Concentration Effective Particle Diameter
m s'1 litres m"2 hr'1
Size Std. Deviation
(-) nm
0.38 50 30.2 487.4 18.6
0.38 1 0 0 27.1 464.9 16.4
Feed 0.38 2 0 0 28.2 481.4 15.6
1.50 50 27.0 507.9 17.3
1.50 1 0 0 33.7 536.9 2 2 . 8
1.50 2 0 0 30.1 489.2 10.9
0.38 50 8.9 105.7 1 .8
0.38 1 0 0 8.9 102.3 1 . 0
Filtrate 0.38 2 0 0 8.3 104.1 1 .1
1.50 50 8.7 108.0 1 . 8
1.50 1 0 0 8 . 6 97.3 0.9
1.50 2 0 0 8 . 2 104.2 6.3
Table 4.1.20.: Batch B, Feed and Filtrate Sub-Micron Particle Sizes and Effective Particle
Diameters
4T-13
CHAPTER 4: TABLES
Sample
Type
Crossflow
Velocity
Flux Concentration Effective Particle Diameter
m s ' 1 litres m"2 h r ' 1
Size Std. Deviation
(-) nm
0.38 50 46.6 425.9 9.7
0.38 1 0 0 38.4 408.3 9.5
Feed 0.38 2 0 0 47.2 432.4 15.1
1.50 50 38.7 404.3 13.1
1.50 1 0 0 49.0 448.9 10.3
1.50 2 0 0 44.3 404.7 7.1
0.38 50 13.7 89.4 0 . 8
0.38 1 0 0 15.5 90.7 0 . 6
Filtrate 0.38 2 0 0 15.6 90.4 0.3
1.50 50 12.4 84.1 0.3
1.50 1 0 0 13.6 89.2 0.3
1.50 2 0 0 15.7 91.1 0 . 8
Table 4.1.21.: Batch C, Feed and Filtrate Sub-Micron Particle Sizes and Effective Particle
Diameters
4T-14
CHAPTER 4: TABLES
Sample
Type
Crossflow
Velocity
Flux Concentration Effective Particle Diameter
m s"1 litres m '2 h r ' 1
Size Std. Deviation
(-) nm
0.38 50 37.0 455.0 8 . 2
0.38 1 0 0 38.6 439.1 11.4
Feed 0.38 2 0 0 30.5 503.0 14.5
1.50 50 41.2 467.8 8 . 8
1.50 1 0 0 33.3 434.5 11.5
1.50 2 0 0 37.1 431.3 9.6
0.38 50 8 . 8 8 8 . 2 0.4
0.38 1 0 0 9.2 95.6 1 . 0
Filtrate 0.38 2 0 0 1 0 . 0 118.6 2 . 1
1.50 50 12.5 1 1 2 . 2 4.7
1.50 1 0 0 10.4 120.3 6 . 0
1.50 2 0 0 6 . 8 82.9 0.5
Table 4.1.22.: Batch D, Feed and Filtrate Sub-Micron Particle Sizes and Effective Particle
Diameters
4T-15
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CHAPTER 4: TABLES
Sample
Type
Fouling Details Concentration Effective Particle Diameter
Size Std. Deviation
(-) (-) nm
To 2.7 bar (1) 32.4 440.0 18.5
To 2.7 bar (2) 27.5 422.2 14.4
Feed To 1.0 bar (1) 27.9 435.9 5.0
To 1.0 bar (2) 31.1 380.0 7.7
For 30 minutes (1) 27.9 406.2 12.4
For 30 minutes (2) 21.6 423.2 13.9
To 2.7 bar (1) 8.9 118.7 5.8
To 2.7 bar (2) 8.0 108.9 3.6
Filtrate To 1.0 bar (1) 9.9 105.8 2.2
To 1.0 bar (2) 8.6 96.2 1.6
For 30 minutes (1) 5.7 124.4 4.6
For 30 minutes (2) 8.3 122.2 3.6
Table 4.2.21.: Batch G, Feed and Filtrate Sub-Micron Particle Sizes and Effective Particle
Diameters
50 litres m"2 h"1, 0.38 m s"1, 5°C. Stepped Fouling Study
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CHAPTER 4: TABLES
Sample Type Details Concentration Effective Particle Diameter
(-) (-)
Size Std. Deviation
nm
0.45 pm (1) 27.0 322.7 12.4
Feed 0.45 pm (2) 29.6 302.5 4.0
1.20pm (1) 25.6 305.5 9.3
1.20pm (2) 26.1 319.0 7.5
0.45pm (1) 12.8 100.4 1.6
Filtrate 0.45 pm (2) 12.4 104.9 5.5
1.20pm (1) 12.4 117.9 4.6
1.20 pm (2) 13.6 134.5 3.1
Table 4.3.6.: Batch H, Feed and Filtrate Sub-Micron Particle Sizes and Effective Particle
Diameters 
1.20pm Membrane Investigation 
200 litres m'2V ,  0.38 m s'1, 5°C
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Mark Taylor, Eng.D, 48 Month Dissertation: APPENDIX B: Photon Correlation Spectroscopy
Appendix B 
Summary of the Process of Photon Correlation Spectroscopy (PCS)
When a beam of light is passed through a colloidal suspension the particles or droplets 
scatter some of the light in all directions. When the particles are very small compared 
with the wavelength of the light, the intensity of scattered light is uniform in all 
directions (Rayleigh scattering); for larger particles (above 250 nm diameter), the 
intensity is angle dependent (Mie scattering).
If the beam of light is monochromatic, as from a laser for example, it is possible to 
observe time-dependent fluctuations in the scattered intensity using a suitable detector 
such as a photomultiplier capable of operating in photon counting mode.
These fluctuations arise from the fact that the particles are very small and can undergo 
random thermal (Brownian) motion. The distance between them is therefore 
constantly varying! Constructive and destructive interference of light scattered by 
neighbouring particles within an illuminated zone produces intensity fluctuations at 
the detector plane. As this arises from particle motion at the detector plane it contains 
information about the motion. Analysis of the time-dependence o f the intensity 
fluctuation can therefore yield the diffusion coefficients of the particles from which, 
via the Stokes-Einstein equation, knowing the viscosity of the medium, the 
hydrodynamic radius or diameter of the particles can be calculated.
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PREFACE
The work presented in this dissertation covers the first 24 months of a 48 month Engineering Doctorate 
Research Programme undertaken at Surrey University and Brewing Research International (BRI). The 
title o f the project is: The fouling by beer solids on crossflow filtration membranes.
The overall goals o f this project are to understand the mechanisms of fouling during the crossflow 
microfiltration o f beer. Crossflow filtration has the potential to replace several existing beer treatment 
stages, including kieselguhr filtration. Kieselguhr filtration is currently under pressure from 
environmental legislation. Kieselguhr (or diatomaceous earth) is a finite resource currently mined from 
the earth After use, once it is saturated with beer solids, it can only be landfilled. Crossflow filtration 
is a continuous process, resulting in only a waste slurry which has a high nutritional value and could be 
used as an animal feed.
The principle barrier to the acceptance of crossflow filtration by the brewing industry is the excessive 
fouling o f the membrane by particulates and macromolecules in the fermented beer. Understanding of  
the mechanisms o f fouling could lead to developments in membrane structure/materials or process 
enhancements. It is hoped that either o f these would maximise throughputs whilst still maintaining a 
quality product for the customer. Knowledge o f the mechanism may also reduce the chemical cleaning 
requirements o f membrane filtration systems.
The work to date has concentrated upon the development o f methodologies which will facilitate the 
understanding o f this mechanism. These are:
•  Investigations into decline in throughput with time (filtration performance)
•  Quantification o f  the deposition o f fouling components onto the membrane . **
•  Feed and filtrate particle size analysis
•  Fouled layer visualisation.
The results show that, as expected, all unfiltered beers rapidly foul microfiltration membranes 
(throughputs typically reduced by two orders of magnitude in an 8 minute experiment). The presence 
o f  yeast in the beer improves the final flux values attained. This is typical o f such beer filtration 
systems. A  methodology for the quantification of the components deposited onto the membrane 
surface has been developed. This is the first time such quantification has been carried out. The results 
show that carbohydrate, protein and polyphenol are all deposited onto the membrane. In yeast-free 
systems it has been possible to show that both protein-polyphenol complexes and carbohydrate gels 
from the beer are deposited together onto the membrane. It has also been possible to show that 
microfiltration can remove some o f the components known to cause haze problems in beers with a long 
shelf life. These finding are unique and have been submitted for publication as well as being presented 
at a technical conference.
Particle size analysis has show that the unfiltcrcd beers can be characterised in terms o f their yeast and 
haze concentrations proxiding useful information in terms of understanding filtration performance
Work is currently ongoing using a crossflow filtration cell, designed specifically to mimic the 
hydrodynamics o f a brewer)' scale system. It is proposed that fouled membranes from this system will 
also be studied using a Scanning Electron Microscope to visualise the problem.
Future work will concentrate on using the cell to study the time-dependant fouling of microfiltration 
membranes. At each time-step the filtration performance, layer composition and filtrate quality will all 
be analysed using the methods developed This will produce a novel contribution to knowledge in the 
area o f beer crossflow filtration.
To confirm the environmental benefit o f crossflow filtration over conventional technologies a short 
LCA project will also be carried out over the next 24 months.
Papers published/submitted:
Visualisation o f the fouling by beer solids on crossflow filters, Eng.D. Conference 1998, ORAL 
PRESENTATION
Fouling by beer solids on crossflow microfiltration membranes, Eng.D. Conference 1999 POSTER 
PRESENTATION
Quantitative Determination of Fouling Layer Composition in the Microfiltration of Beer, 
Euromembranes 1999, Belgium, ORAL PRESENTATION
Quantitative Determination o f Fouling Layer Composition in the Microfiltration o f Beer, Separation 
and Purification Technology, Elsevier Publications, SUBMITTED FOR PUBLICATION 22/09/99
Future Publications (provisional titles)
Time-dependant fouling during the crossflow filtration of beer, Master Brewers’ Association o f  
America Congress, July 2000, ORAL PRESENTATION
Mechanism o f fouling in microfiltration membranes when filtering beer, January 2001, Master 
Brewers’ Association o f America Technical Quarterly, SUBMIT FOR PUBLICATION 
Influence o f the mechanism of fouling in beer microfiltration systems on membrane cleaning practices, 
European Brewing Congress, May 2001, Hungary, ORAL PRESENTATION AND PUBLICATION
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CHAPTER 1: INTRODUCTION
Currently, the brewing process uses a number of stages to clarify and stabilise beer 
after fermentation. The exact combination of different stages does vary from brewer- 
to-brewer and is dependant upon the size of the brewery and the nature of the beer 
produced. A typical post-fermentation beer treatment chain for a large scale (~2 
million hectolitres/ annum) brewery in the UK is shown in Figure 1.1.
Finings
Addition
Cold
Conditioning
Yeast
Slurry
Centrifuge
Chiller
Unpastuerised Beer
Figure 1.1.: Typical post-fermentation beer treatment (Large commercial brewery,
UK)
The principle variation within this system is the use of a centrifuge. A centrifuge is 
commonplace in large breweries. However, for smaller brewers and for certain beers 
the yeast remains in the beer through to filtration. This results in extra particluate 
loading on the filter and increased kieselguhr, diatomaceous earth, consumption.
These treatment processes are very energy, capital, time and space intensive. An 
efficient alternative would therefore be readily received by the industry. To 
understand the application of an alternative, one must first understand the basics of 
the existing process. A description of each treatment stage is given in Table 1.1.
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Treatm ent Stage Description
Stage 1: Fermentation Once the biological activity is complete, the yeast and beer are 
allowed to settle in the tank. The concentrated yeast slurry is then 
drawn off for re-use or resale, whilst the beer, still containing a lot o f  
yeast, is sent to the centrifuge.
Stage 2: Centrifugation The remaining yeast is spun out of the beer and mixed with the yeast 
slurry from the fermentation tank for re-use. The beer, now virtually 
yeast free, is sent to the chiller.
Stage 3: Chilling The beer is cooled to approximately 0°C within a large heat 
exchanger. This will assist is the precipitation of components (haze) 
that may cause stability (flavour or clarity) problems in the final 
product.
Stage 4: Finings Addition In addition to the natural precipitation of components, finings are 
added to assist in their agglomeration. Any remaining yeast and small 
particles will also be attracted to the finings by electrostatic forces. 
These settle in the bottom of the beer tank. Different finings can be 
added to precipitate specific components or particles such as proteins 
or polyphenols.
Stage 5: Cold Conditioning The beer is kept at approximately 0°C to further precipitate the ^  
components that may later cause stability problems. This stage also 
allows time for the finings to attract smaller particles and sediment 
out.
Stage 6: Kieselguhr The precipitates and sediment remaining in the beer are filtered out
Filtration using a bed o f natural kieselguhr (diatomaceous earth). The filtered 
product is a bright, clear, stabilised beer. This can then be pasteurised.
Table 1.1: Post-fermentation beer treatment processes
The initial need for an alternative technology has been highlighted by environmental 
pressures on the brewer. This is due to the use of diatomaceous earth (kieselguhr) at 
the filtration stage. Once the diatomaceous earth used in these filters has been 
saturated with organics and particles it has to be replaced. The spent kieselguhr is 
landfilled. Currently, the brewing industiy uses approximately 65% of the 1.8 million
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tonnes of kieselguhr excavated each year [1]. In the future, both the quality and the 
quantity of the kieselguhr available is likely to decline. Kieselguhr is therefore a 
finite resource.
In 1990 German disposal costs (to landfill) were approximately £55 to £80 per tonne 
of kieselguhr produced. However, recent legislation has doubled these costs and 
furthermore landfill operators are becoming increasingly likely to debar organic 
material such as kieselguhr from their sites. It is expected that other European 
countries will follow Germany’s lead. [2]
The disposal and acquisition costs of kieselguhr may be offset through its recycling. 
However, current procedures are not economically viable as extreme temperatures are 
required for its regeneration (700-780°C). Even after this process, only 10% of the 
original material is suitable for re-use due to changes in the structure and particle size 
of the kieselguhr [1].
As an alternative, kieselguhr can be used as an agricultural fertiliser as it improves 
soil structure [1]. However, the kieselguhr must be stored until it is required. This 
has problems due to its severe odour. Another suggested use is to fill out cement with 
the spent solids but this suffers from customer mistrust due to the odorous and volatile 
nature of the kieselguhr [1].
Recent classification of fresh kieselguhr as a Class 1 carcinogen has resulted in 
another barrier to its use. Larger brewers may be able to afford to install, new, 
automatic handling equipment to prevent employee exposure. However, for smaller 
brewing enterprises, such an investment would be difficult.
As kieselguhr use in the brewing industry has come under a lot of pressure, an 
alternative, cleaner, approach would be welcomed. Initial research has shown that 
this could come through using Crossflow Microfiltration (C fM f) technology. In 
comparison to dead-end filtration, in crossflow, the process fluid passes perpendicular 
to the direction of filtration (over a membrane). As the feed is passed over the 
membrane surface a preferential pressure driving force (trans-membrane pressure) is 
applied, forcing the fluid through the membrane. The fluid passed through the
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membrane is referred to as the permeate or filtrate. The remaining unfiltered liquid, 
known as the retentate, is re-circulated over the membranes surface. The retentate can 
also be referred to as the concentrate. The quantity o f flow through the membrane per 
unit area is termed the flux.
CFMF offers one obvious advantage over kieselguhr technologies; no solid waste is 
produced. Any waste produced from a crossflow filtration technology will be in the 
form of a concentrated slurry. Prospectively, this would contain protein, polyphenols 
(tannins), carbohydrates, yeast and other biological organisms [3]. If this slurry was 
sufficiently concentrated then it would form a nutritious waste that could be fed to 
livestock.
Apart from the direct replacement of kieselguhr filtration by CFMF, initial research 
has shown that there may be other applications for CFMF in post-fermentation beer 
treatment. These are:
• Sterile filtration of beer thus combining kieselguhr filtration and pasteurisation. 
CFMF can biologically stabilise the beer thus eliminating the need for the heating 
process that can impair beer flavour and consumes energy[4-12]
• Beer stabilisation through the removal o f haze forming compounds and flavour 
inhibitors. This would potentially minimise the energy intensive cold 
conditioning stage. The removal o f fine particles and macromolecules by CFMF 
may also result in finings addition or lengthy sedimentation periods no longer
being required [4-7,9-15]
• Treatment of beer post-fermentation, post-conditioning, without centrifugation to
produce finished beer [6-9,12-14,16]
All of these areas of application have had some success on the pilot scale. However, 
the results have not been conclusive. The principle barriers to the acceptance of 
CFMF as a separation process for beer treatment are highlighted below:
• Excessive fouling on the filter membrane. This results in a reduction of flux below 
economical levels and the removal of colour and/or flavour compounds[6, 8-10, 
12,13,17-21]
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• High pumping costs for the re-circulation of the beer around the unit [6, 8-10, 13,
14, 19, 22]
• High membrane purchase and replacement costs [6,9, 10, 14, 19,22]
• High design costs as the crossflow unit cannot be provided “off-shelf [6, 14, 19,
21]
• Problems with cleaning [10, 14,19, 20,22]
-  Cost o f cleaning material
-  Duration of cleaning period
-  Membrane lifetime reduction due to repeated cleaning
-  Changes in membrane conformation and/or surface properties after 
cleaning.
-  Unknown environmental impacts of waste CD? (Cleaning In Process) 
fluids.
Providing these barriers can be overcome, there is no reason why CFMF cannot be 
used in the brewing industry. The technology has high potential of both saving 
money and cutting environmental emissions. This will come principally through a 
multi-stage application of crossflow filtration (i.e. replacement of both kieselguhr 
filtration and pasteurisation) and through the elimination of the use of kieselguhr and 
its associated environmental problems. ^
By studying the fouling layer formation bn the membrane, this work should enable 
further understanding of the overall process. Such understanding could lead to 
improved throughputs, without a compromise in product quality, and hence increase 
the economic incentives for the technology’s adoption within the industry. However, 
equally importantly, understanding the mechanisms could lead to the development of 
membrane cleaning technologies which may reduce, or negate, the need for large 
quantities o f abrasive and environmentally damaging chemicals. These are currently 
used in the membrane cleaning processes. Taking an holistic approach, understanding 
of the fouling may also lead to the development of membranes with specific chemical 
properties or structure. As well as achieving all other goals, such membranes should 
be designed to maximise production life-time or recycling potential. Hence, it will be 
possible to minimise the potentially environmentally damaging stage of membrane 
construction and/or regeneration.
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Thus, to summarise, this study has two strong environmental contributions to make:
1 Understanding of the fouling process to maximise fluxes whilst maintaining 
product quality. This will potentially eliminate the need for kieselguhr filtration 
and/or several of the other post-fermentation beer treatment processes.
2. Understanding the fouling process to develop, effective and environmentally 
considerate, cleaning processes. This will ultimately reduce the total 
environmental burden of the process life cycle.
An environmental study is planned as part of this study (Chapter 6). This is aimed at 
comparing the cradle-to-grave environmental impacts of both kieselguhr filtration and 
crossflow filtration.
The main experimental objectives of the research are being met through a programme 
aimed at understanding the mechanisms of membrane fouling. The study is 
concentrating on the fundamental particulates and macromolecules found in unfiltered 
beer. Consequently, the research should be applicable across different beer types, 
containing different quantities o f the same particles and macromolecules.
The experimental approach is multifaceted. The principle areas of interest are: ^
• Investigations into the beer filtration performance (membrane throughputs).
• Quantification of the compositions of the deposits formed at the membrane 
surface.
• Unfiltered and filtered beer, particle size distribution analysis.
• Visualisation of the layers formed at the membrane surface.
It is hoped that, in combination, information from each of these will facilitate detailed 
understanding into the problems o f crossflow microfiltration.
The initial aim of this work has been to develop methodologies that will facilitate 
research into each of these areas and to evaluate their use as a tool for investigating 
the fouling mechanism. Table 1.1. summarises the investigations that have been
carried out to date.
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The positioning of the investigations with respect to the existing published literature 
in the area of beer crossflow filtration will be discussed in Chapter 2.
An investigation into the mechanisms of membrane fouling is the main theoretical 
aim of this research. However, with the support o f the sponsoring company, other 
relevant investigations are also ongoing. These are principally into new developments 
in membrane technology. Such developments may lead to the rapid development of 
the process and commercialisation. One such project, part of which is presented here 
as a report in appendix 1, considers the use of a new and novel membrane material. 
This project is carried out under confidentiality agreements with the membrane 
manufacturing company and the results presented in these sections should be dealt 
with as such.
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CHAPTER 2: LITERATURE SUMMARY
The summary o f the literature presented covers the work relevant to the crossflow 
filtration o f beer. The three sub-headings are the main foci of the literature study and 
are those which have the most impact on this Engineering Doctorate.
2 .1. B e e r  C r o s s flo w  Filtration -  M e m b r a n e s  a n d  O pera ting  C o n d itio n s
Membrane o f pore sizes 2.0 to 0.2 pm have been investigated for application in the 
brewery [4-10, 12-14,16-28]. The membranes with a pore size in the range of 0.45 to
0.5.m  have produced the best results. Producing a clarified product at acceptable 
membrane fluxes [8-10, 12, 16-21]. A wide range of membrane materials have also 
been investigated [4-10,12,16-28] and have produced a wide range of results. 
Different materials have different surface charges and as the particulates and 
macromolecules are also charged [29] there will be a variation in the surface 
interactions. Choice o f membrane material will also impact on the cleaning 
techniques that can be used. Polymeric membranes, when compared to ceramic 
membranes are usually less resistant to aggressive cleaning chemicals [6]. No clear 
choice o f membrane material can be established from the literature.
The principle operating parameters that the brewer will have control over are ^  
transmembrane pressure (TMP), surface hydrodynamics and temperature. The 
influence o f transmembrane pressure has been investigated [10] and suggest that for 
any given beer there is an optimum TMP, below which the driving force is not great 
enough to maximise flux and above which the fouling layer compacts also reducing 
flux.
The hydrodynamic conditions at the membranes surface can be manipulated through 
two main processes:
1. Increased Reynolds number through increased linear velocity at the membranes 
surface [10, 18,28]
2. Specific fouling layer disruption techniques such as pulsing, backflushing or 
pressure ramping [6,12,21, 27]
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Studies on the influence of linear (crossflow) velocity have given inconclusive results. 
The velocities used were in the range of 0.5 to 5m/s and in some cases the increase in 
velocity has resulted, as expected, in a reduction of the fouling layer and an increase 
in flux [10], but, it was also found that once formed the fouling layer could not be 
destroyed through linear velocity alone [28]. In other studies, similar changes in 
velocity have had no effect on the flux at all [18].
Disrupting the fouling layer using specific techniques such as backflushing and 
pressure ramping has been investigated [12, 21]. In the case of pressure ramping, 
increases in flux o f up to 90% were achieved, however, this was at the expense of 
acceptable filtrate beer quality. When using backflushing, the fluxes also saw a 
similar improvement although this time without the associated loss in product quality.
It has been found that at modest operating pressures the use of backflushing and high 
turbulence could control the formation of the fouling layer [6].
Filtration temperature has been investigated [12,21]. Studies carried out at 0,10 and 
15°C show that the associated increase in flux (due to increased diffusivity and 
reduced viscosity) is not offset by a loss of retention subsequent loss of filtrate beer 
quality. Filtration in conventional brewery filters is carried out at 0°C. This is to ' 
ensure that the soluble protein and polyphenol complexes remain precipitated and are 
removed by the filter.
2.2. B e e r  C ro ss flo w  Filtration -  F ilter F ou ling
One of the principle barriers to the acceptance of crossflow filtration in the brewing 
industry is the severe fouling at the membrane surface [6, 8-10,12,13,17-21]. The
main filter foulants in beer are:
• Yeast
• Carbohydrate Gels [3,30-38]
• Protein and Polyphenol Complexes [3, 36,38, 39]
• Other Biological Foulants [3]
• Inorganic Foulants [3]
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Dependant upon the brewery and product, yeast may be removed in a centrifuge prior 
to filtration. In this situation carbohydrate gels and protein/polyphenol complexes are 
the most important components in membrane fouling [36]. Other biological foulants 
and inorganic foulants are rare [3]. Biological material other than yeast will only 
occur if there is a fungal infection in the brewhouse. Inorganic salts (principally 
calcium oxalate) will only occur with high concentrations of metal ions.
Existing research into microfiltration membrane deposits has concentrated on 
qualitative assessment methods. The deposition of protein polyphenol and glucan 
onto dead-end microfiltration membranes has been investigated [36]. The study 
presents a comparison of membranes plugged with model fouling components to 
layers plugged with real beer. The presence of these fouling components was 
confirmed qualitatively in the study through the use of ATRIR (Attenuated total 
reflectance infra-red spectroscopy) and SEM (scanning electron microscopy) 
techniques. The role of carbohydrate gels in membrane fouling has been confirmed, 
through the use of model systems [37,40]. The role of carbohydrates in 
microfiltration fouling has also been confirmed in real beer [12, 21]. The work 
involved dosing feed beers with enzymes known to digest certain carbohydrate 
species and then comparing filterability with an unmodified beer. The finding of 
these papers suggest that carbohydrates are involved in fouling the membrane layer. 
Through retention analysis, it has been confirm that protein is also deposited/adsorbed 
onto membranes when filtering beer [26]. In this study quantitative data for protein 
depositions are presented, but there are no quantitative data for other possible 
foulants.
To date, exact quantities of protein, polyphenol and carbohydrate material deposited 
onto microfiltration membranes has not been quantified.
The mechanisms of membrane fouling have been investigated [23-27]. These 
investigations do not consider the type of particles present in the membrane layer, nor 
the visualisation of the fouling layers formed. The work does however, provide 
interesting information regarding the contributions to fouling of material deposited
15.
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inside the membrane and on its surface. The work suggests that it is external surface 
fouling which contributes most to inhibiting flux.
2.3. Beer Crossflow Filtration -  Beer Stability
Beer crossflow filtration has the potential to remove biological matter from the 
unfiltered beer to produce a biologically stable filtrate which does not require 
pasteurisation [4-9,11-13]. This occurs because the membrane pore sizes which are 
used for the filtration are smaller than the size of the biological matter in the beer.
Producing a beer which will remain clear even after a lengthy storage period (over 6 
months) is more complicated. The material which causes colloidal stability problems 
has been primarily identified as protein/polyphenol complexes (haze) [3, 41-48]. For 
crossflow filtration to be acceptable then these materials should be removed from the 
feed beer. Protein-polyphenol haze formation is complicated and the complexes 
themselves are soluble in beer at room temperature. This is why conventional beer 
filtration (kieselguhr) is carried out at ~0°C. Several authors have shown that a 
stabilisation function can be achieved with a crossflow microfiltration unit [4-7,9-15]. 
This stabilisation has occurred even when filtering at higher temperatures [12]. This 
suggests that a concentration gradient at the surface o f the membrane facilitates the 
precipitation of the complexes and hence their removal from the beer.
This effect has not been confirmed through quantitative analysis o f  membrane 
deposits.
It is reported that oxidative conditions promote the formation o f protein-polyphenol 
complexes and decreases the colloidal stability o f the beer [3,40,43-46]. Oxygen 
ingress at the filtration stage would therefore be undesirable and is one o f the 
considerations in the practical application of crossflow filtration technology.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Filtration Apparatus
All filtration experiments have been carried out using a Sartorius stirred cell, Sartorius 
model SM 165 26 (see Fig. 3.1.). This is a dead-end filtration cell with a 200ml 
capacity. Filtration temperature was controlled by a glycol jacket which, in turn, was 
controlled by a Teche heater/circulator C858 connected to a SI Industries chiller. The 
temperature of the glycol in the jacket could be controlled to within ± 1 °C over the 
range o f-2  to 60°C. Transmembrane pressure was applied using C 02 connected, 
through a regulator, to the top of the cell. The bulk contents of the cell were mixed 
through the use of a magnetic agitator suspended ~lmm above the filtration surface. 
This agitator had operating speeds in the range o f250 to 850 rpm, corresponding to 
impeller Reynolds numbers of between 530 and 1800.
All experiments were conducted under the same operating conditions, a 
transmembrane pressure of 10 psig, an agitator speed of 850 rpm and a filtration 
temperature of 0°C. For each run, the cell was initially charged with 200 ml o f  
distilled and deionised water and the clean water flux was established. An average 
value of 11180 ± 1550 litre.m^hr'1 was attained across all tests. The clean water 
fluxes attained with new membranes were reproducible. The cell was then chained 
with the test solution and the transmembrane pressure was applied for 8 minutes. The 
filtrate was collected in a glass beaker placed onto a Mettler PM2000 balance linked 
to a Mettler GA44 data recorder. Any remaining beer was then carefully decanted 
from the cell and the fouled membrane was then removed.
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Figure 3.1.: Stirred Cell Apparatus
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3.2 Test Materials
Fresh Millipore disc membranes with a nominal pore size of 0.45pm were used in all 
experiments. These membranes are made of mixed esters of cellulose, are positively 
charged and hydrophilic. They have a diameter of 47mm.
A total o f four different beers have been investigated: i) Beer 1, a premium lager, BRI 
pilot brewery ii) Beer 2, standard lager, BRI pilot brewery, iii) Beer 3, a standard 
commercial lager, and iv) Beer 4, a standard ale, BRI pilot brewery. The basic 
properties of these beers are shown in Table 3.1. The source of each beer from within 
the brewery will be highlighted when discussing each investigation.
BEER 1 BEER 2 BEER 3 BEER 4
Description Pilot Brewed Pilot Brewed Commercial Pilot Brewed
Premium Lager Standard Lager Standard Lager Ale
pH 4.3 ± 0 .2 4.1 ± 0 .2 4.1 ± 0 .2 4.0 ± 0 .2
Colour (°EBC) 13 ± 2 12 ± 2 16 ± 2 25 ± 2
Ethanol (% voL/voL) 5.0 ±  0.2 5.1 ± 0 .2 6.4 ± 0 .2 4.0 ± 0 .2
Bitterness (BU) 16 ± 2 21 ± 2 20 ± 2 25 ± 25*
Present Gravity 1.008 ± 0 .002 1.005 ±0.002 1.01 ±0.002 1.004 ± 0 .002
Table 3.1.: Basic properties of the all the beers investigated
3.3. Analysis o f the filtration performance
A conventional way o f interpreting filtration performance is in the form of a flux 
decay curve. This is flux (litre.m^hf1) on the y-axis and time (any) on the x-axis.
The shape of the decline curve, together with the initial flux value and the value as the 
flux approaches an asymptotic value should enable some interpretation of filtration 
performance. This approach was used for the all of the investigations.
In all investigations, the mass, as collected onto the balance, was converted into a 
volumetric reading by dividing the density of each beer by the mass of the beer
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filtered. Density readings for the beer were obtained using a density and specific 
gravity meter (DA -310, Kyoto Electronics) as described in EEC, Analytica, 1998 
[49].
In all investigations the filtrate was bulked over the complete duration of the test.
3.4 Removal and Analysis o f the Fouling Layer
After removal from the cell the fouled membrane was placed into an ultrasonic bath 
(L&R Ultrasonics, model PC3) containing distilled and deionised water at room 
temperature and sonicated for 5 minutes. The membrane was then rinsed with distilled 
and deionised water to ensure complete removal of the fouling layer and the clean 
water flux was then measured again. The resultant suspension from the ultrasonic 
bath was freeze dried using an Edwards Modulyo freeze drier; this was to stabilise the 
samples prior to analysis.
Each freeze dried sample was re-suspended and dissolved into a 0.1M solution of 
imidazole, made up with distilled and deionised water. They were then analysed for 3 
principle filter foulants: carbohydrate, in the form of a total carbohydrate assay using 
the Anthrone reagent based upon the EEC standard [49]; protein using the Bradford, 
Coomassie blue, method [49, 50]; and, polyphenol using the ammonia/EDTA reagents 
based upon the EEC standard [49]. Colour readings from the samples were made 
using a Unicam UV/Vis Spectrometer, UV2 and in the case of the protein assays, the 
results were compared against a bovine serum albumin standardisation curve.
The detection limits for the foulants in solution are presented in Table 3.2.:
Fouling Component Detection limit
(mg/litre)
Total Carbohydrate 1 to 100
Protein 1 to 100
Polyphenol 1 to 400
Table 3.2.: Detection limits for foulant assays
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3.5 Analysis o f the Beer Samples
For each Beer, a 100 ml sample was freeze dried and re-suspended in 0.1M imidazole 
in line with the procedure used for the fouling layer samples. These were then 
analysed in the same way as the fouling layers for comparison.
3.6. Analysis o f un filtered beer and filtrate particle size distributions
Unfiltered beer and filtrate particle size analysis should give an indication o f the 
filtration performance. Particle analysis (>l^m) was carried out using a Coulter II 
Multisizer. Through changing the orifice diameter o f the tube on this Multisizer it 
was possible to measure particle size in two ranges, 5 - 120tim using a 120|im tube 
and 0.5-20jim using a 20|im tube. The higher range enabled the accurate 
determination of the total amount of yeast cells present in the sample (~6-12[im) and 
the lower range enabled the amount of visible haze (<4^m) to be established.
Concentration of particles <lpm  in size was determined through the use of a Malvern 
Instruments Photon Correlation Spectroscope (PCS). This instrument gives an 
accurate, comparative, figure for the total number of sub-micron particles (<1 \im) ^  
present in the sample. Prior to analysis in this spectroscope, all samples were 
screened through a 5 pm dead-end membrane filter.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1. Investigation 1: Single Beer Stability Trials
It was the aim of this study to establish the variation of beer filtration kinetics with 
time. The beer used in the investigation was a 50 litre sample of Beer 3 collected 
post-centrifugation from a commercial brewery. Over a time-period o f 9 days, 200 ml 
samples were drawn off from this volume and filtered through the stirred cell 
according to the method described in section 3.1. Samples of the beer were filtered 0, 
2 4 7 and 9 days after collection. Between filtration experiments, the bulk 50 litre
sample was stored at 0°C.
4.1.1. Results
Figure 4.1 presents the flux decay curves of Beer 3 after storage at 0°C for 0 to 9 
days. In all cases, the flux appears to decline significantly over the 8 minute filtration 
period. The flux declined to a point were it approached an asymptotic value. These 
data show that after 9 days of storage both the initial flux and the asymptotic flux 
values increased. Up to 7 days of storage has no observable influence on the flux
decay curves.
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Figure 4.1: Variation in Filtration Kinetics with Time
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4.1.2. Discussion
The results suggest that up to 7 days of storage has little influence on the flux decay 
curves. These findings are supported by other authors [51] who also found, for a 
similar beer, no changes in beer filterability after up to 7 days cold of storage. Their 
study did not extend investigations after 7 days.
Post-centrifuge Beer 3 was used in this investigation. This beer was chosen as none 
of the protein, polyphenol and carbohydrate material had been removed from the beer. 
It is this material which forms haze material in the beer after cold storage [3,41-48] 
and hence is responsible for changes in beer particle size distributions and/or fine 
particulate concentration. Beer from this source is therefore a worst case scenario for 
studying variation in microfiltration with storage time.
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Storage for 7 — 9 days coincides with a typical cold-conditioning time period [3] and 
hence the changes in flux decay curve can be explained by changes in particle size 
within the stored beer. Storage at low temperatures can cause particles to precipitate 
and agglomerate [3]. It is possible to hypothesise that these larger molecules could 
prevent excessive fouling by shielding the pores from the finer components thus 
enhancing the flux. Agglomeration of the finer components will reduce their 
concentration in the beer. Several authors [10, 12, 52] have commented about the 
importance'of the concentration o f fine components in the fouling of microfiltration 
membranes.
The mixed esters of cellulose membranes used in these evaluations are slightly 
hydrophilic and positively charged. The hydrophilicity is a useful property as a 
wetting agent is not required to begin filtration. However, the positive charge may 
have an influence on membrane fouling. It has been shown [29] that non-biological 
particles, which include precipitated protein, polyphenol and carbohydrate, are 
negatively charged and hence would be attracted to a positively charged membrane. 
The same author suggests that biological particles in beer (e.g. yeast) are also 
negatively charged and would be attracted to the membrane. It has been observed 
[12] that a mixed esters of cellulose membrane with a nominal 0.45pm pore size 
performed consistently well (in terms of membrane fluxes) when filtering a range of  
different beers with different size distributions.
The results from this investigation have produced a time frame (1 week) for a worst- 
case beer, in which the flux decay curves did not alter significantly. Hence, any 
experiments could be carried out with some confidence of a consistent feed quality.
Repeat runs on exactly the same beer on exactly the same day are also presented in 
the 1998 Eng.D. Conference Paper, attached as Appendix 2. The data is repeatable, 
thus giving confidence in the experimental technique that has been developed for the 
investigation of filtrate flux.
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4.2. Investigation 2: Influence ofbeertype and level o f post-fermentation 
treatment on filtration performance and fouling layer compositions
It was the aim of this study to have a first-look at the influence o f beer type and levels 
of post-fermentation processing on the compositions of the layers formed at the 
membrane surface and the filtration performance. Beers 1 - 4  were all investigated. 
Large samples of each of these beers were obtained directly post-fermentation from 
the breweries. Each beer was then filtered according to the method described in 
section 3.1. before the fouling layer was removed and analysed according to the 
method described in section 3.4. For Beers 1 -  3 this procedure was repeated a 
further 2 times to produce three sets of data for the uncentrifuged beers. For Beer 4 
the procedure was only repeated once, resulting in two sets of data. After data had 
been gathered for the uncentrifuged beers, an unfiltered sample was drawn off for 
analysis as described in section 3.5. The remainder of the uncentrifuged beer was 
then processed in a MSE/Fison Coolspin centrifuge at 2000 rpm for 15 minutes. This 
was to remove the yeast from the beer. The centrifuged samples of beers 1 - 3  were 
then evaluated 3 times according to the methods described in section 3.1. and 3.4.
Beer 4 was evaluated using the same methods only twice. These data enabled the 
influence of centrifugation on the filtration performance and fouling layer 
compositions to be investigated. Unfiltered samples of the centrifuged beers 1-4 were 
also taken and analysed as described in section 3.5.
In between experiments the beers were stored at 0°C. All experiments were carried 
out within 3 days of collecting the beers from the brewery.
4.2.1. Results 
Flux Decline Curves
The flux decline curves for each beer are presented in Figs. 4.2. -  4.5. In each case, 
flux declined steadily over the course of the run and appeared to approach an 
asymptotic value. For comparison, the initial fluxes for each experiment are 
presented in Table 4.1. For all beers, the initial flux obtained for the centrifuged 
samples was greater than that obtained for the uncentrifuged sample. It is also noted 
that. Beers 1,2 and 4 had similar, initial fluxes, while Beer 3 produced fluxes an order 
of magnitude greater. This difference is reflected in the whole flux decline curve.
25.
Mark Tavlor, Enz D 24 Month Dissertation. October 1999
It is clear from Figs. 4.2. -  4.5. that the absence of yeast resulted in lower final fluxes. 
For Beer 1 the flux decline curves differ after -30  seconds. For Beer 2 there is a clear 
difference in the flux decline curves after 60 seconds. While for Beer 3 the curves 
diverge after —150 seconds and for Beer 4 there is no clear divergence until —200 
seconds. Although the final fluxes presented here do not represent the ultimate 
asymptotic flux, it is clear from the data that these values were approaching the 
asymptotic flux.
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Figure 4.3.: Beer 2, Flux Decay Curves
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Figure 4.4.: Beer 3 Flux Decay Curves
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Beer Description Initial Flux Value (litre.m '2hr‘1)
Beer 1, Uncentrifuged Feed 306 ± 6
Beer 1, Centrifuged Feed 429 ± 120
Beer 2, Uncentrifuged Feed 410± 130
Beer 2, Centrifuged Feed 634 ±280
Beer 3, Uncentrifuged Feed 4419 ± 2 9
Beer 3, Centrifuged Feed 5422± 157
Beer 4, Uncentrifuged Feed 388 ± 2 0  -
Beer 4, Centrifuged Feed 1825 ±58
Table 4.1.: Initial Flux Values, Beers 1 - 4
Fouling Layer Composition Data
The fouling layer compositions for all beers investigated together with the 
compositions of the unfiltered beers are presented in Tables 4.2. -  4.6.
Fouling layer compositions and unfiltered beer composition for Beer 1 are only 
available for the layers formed when filtering the centrifuged beer. In all o f these 
samples the unidentified fraction was most significant. It ranged from 88.8 wt. % to 
80.7 wt. % in the fouling layers and was 68.1 wt. % in the unfiltered beer. For the 
other three beers, with one exception, a proportion of the sample analysed also 
remained unidentified. For Beer 2 and Beer 3 (centrifuged), the unknown fraction was 
much smaller for both the fouling layer and the unfiltered beer, ranging between 0 wt. 
% and 20 wt. %. While for Beer 3 (uncentrifuged), the unknown fraction was 
between 36 wt. % and 42 wt. % in the fouling layer as compared to 17.6 wt. % in the 
unfiltered beer. Beer 4 was the most varied, with the unknown fraction ranging 
between 1.6 wt. % and 73.8 wt. %.
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Centrifuged
Foulant (wt.%) 4 5 6 Beer
Carbohydrate 8.4 11.1 13.2 25.8
Protein 2.6 2.9 5.4 5.4
Polyphenol 0.2 0.8 0.7 0.7
Unknown 88.8 85.2 80.7 68.1
Table 4.2.: Beer 1, Fouling layer and unfiltered beer compositions
Uncentrifuged Centrifuged
Foulant (wt.%)
Carbohydrate
Protein
Polyphenol
Unknown
Table 4.3.: Beer 2, Fouling layer and unfiltered beer compositions
Uncentrifuged Centrifuged
Foulant (wt.%)
Carbohydrate
Protein
Polyphenol
Unknown
Table 4.4.: Beer 3, Fouling layer and unfiltered beer compositions
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Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 Beer 3 4 Beer
Carbohydrate 47.0 20.0 53.0 92.0 61.0 24.0
Protein 3.7 4.7 0.2 4.6 6.7 0.4
Polyphenol 2.1 1.8 2.3 1.8 2.8 1.8
Unknown 47.2 73.5 44.5 1.6 29.5 73.8
Table 4.5.: Beer 4, Fouling layer and unfiltered beer compositions
The relative proportions of the identified components for Beers 2- 4 are presented as 
normalised composition graphs in Figs. 4.6. -  4.8. As Beer 1 had such significant 
unknown fractions this approach was not used. A discussion on the problems of 
component identification in Beer 1 will be presented in section 4.2.2.
M Carbohydrate □  Polyphenol & Protein
1 2 3 4 6 6 Uncentrfftjged Cenbtftjged
Tests 1 - 3  use uncentrifuged feed beer 
Tests4 - 6  use centrifuged feed beer
Figure 4.6.: Beer 2 - Normalised fouling layer composition
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Figure 4.8.: Beer 4 - Normalised fouling layer composition
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For Beer 2, both sets of samples (pre- and post -centrifugation) produced similar 
results (Fig. 4.6.). Across both sets of fouling layer samples, the proportion o f 
carbohydrate was between 89.3% and 91.8% as compared to 97.1% (pre- 
centrifugation) and 98.5% (post-centrifugation) in the unfiltered samples. The data 
obtained for both protein and polyphenols were more varied. For polyphenol, the 
proportion in the fouling layers varied between 3.5% and 6.5%, as compared to 0.6% 
(pre-centrifugation) and 0.4% (post-centrifugation) in the unfiltered samples. While 
for protein, the proportion ranged between 2.2% and 6.3% as compared to 2.3% (pre- 
centrifugation) and 1.2% (post-centrifugation).
As with Beer 2, the data obtained from the uncentrifuged and centrifuged samples o f 
Beer 3 were similar (Fig. 4.7.). However, the carbohydrate proportion present for 
Beer 3 is less than that for Beer 2, in this case ranging between 79.1% to 84.7%, 
despite the fact that a similar proportion of carbohydrate was present in the unfiltered 
samples, 97.1% for the uncentrifuged sample and 97.5% for the centrifuged sample. 
Again, as with Beer 2, the data obtained for polyphenols and protein were more 
varied. The proportion of both polyphenols and protein was greater, the former 
varying between 6.0% and 15.6%, while the latter varied between 1.6% and 12.1%.
As with the carbohydrate data, the unfiltered samples had proportions similar to those 
obtained for Beer 2, 0.5% (pre-centrifugation) and 1.3% (post-centrifugation) for 
polyphenols, and 2.4% (pre-centrifugation) and 1.3% (post-centrifugation) for protein.
Overall, the data obtained from Beer 4 were the most varied (Fig. 4.8.). The 
proportion of the carbohydrate in the fouling layer (both pre- and post-centrifugation) 
ranges from 75.5% to 93.5% as compared to 95.5% (pre-centrifugation) and 91.6% 
(post-centrifugation) in the unfiltered samples. For polyphenols, the proportion varied 
between 4.7% and 17.7% and for proteins between 1.8% and 6.8%. However, the 
unfiltered samples, do indicate a lower proportion of carbohydrate and a higher 
proportion of protein for Beer 4. The carbohydrate proportions were 95.5% (pre- 
centrifugation) and 91.6%(post-centrifugation) and the protein proportions were 4.1% 
(pre-centrifiigation) and 6.9%(post-centrifugation). The proportions o f polyphenols 
were similar to those observed in Beers 2 and 3, 0.4% (pre-centrifugation) and 1.5% 
(post-centrifugation).
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4.2.2. Discussion
It is clear from the data presented that, for all of the beers studied, carbohydrates, 
polyphenols and proteins were all present in the fouling layer. This was even clear for 
Beer 1 where the majority material remained unidentified. For the purposes of this 
discussion, the composition data from Beer 1 will be ignored. This is because it was 
the first time that the experimental technique had been investigated. Hence, it is 
believed that there were problems with the initial analytical approach. One particular 
problem that was noted was the initial dilution of the layers and unfiltered samples. 
The dilutions used for Beer 1 were too great, resulting in analysis at the bottom of the 
ranges and thus significant errors in the colormetric quantification. This dilution was 
corrected for all other beers.
For all o f the samples studied for Beer 2 and Beer 3 (post-centrifugation), both fouling 
layers and unfiltered beer, over 80% of the each sample was identified as one o f these 
three components. The unidentified fraction is attributed to the small proportion of 
each sample that could not be re-dissolved, subsequent to freeze drying, and remained 
in suspension. It has been shown previously that freeze drying can result in 
rétrogradation of long chain carbohydrates [53]. It is considered likely that this was 
the case for these samples and the unknown fraction consisted predominantly o f these 
components.
In the case of Beer 3 (pre-centrifugation), only -60%  o f the fouling layer was 
identified, but 82.4% of the unfiltered beer was identified. If  the unidentified fraction 
is ignored (Fig. 4.6 and 4.7.), the relative composition of the fouling layers for both 
uncentrifuged and centrifuged beers are comparable. Furthermore, as the 
compositions of both the unfiltered beer samples are also comparable, it may be 
postulated that the additional unidentified fraction was something other than 
additional macromolecular fouling. The most obvious candidate is yeast. However, 
for Beer 2 there was clearly no difference in proportion o f unidentified fraction in the 
fouling layer between the uncentrifuged and centrifuged beer.
This discrepancy can be explained with reference to the flux decline data. For Beer 3, 
both pre- and post-centrifugation, the filtrate flux was an order of magnitude greater 
than for Beer 2 (compare Figs. 4.2. and 4.3.). This implies that the degree o f
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membrane fouling was significantly less for Beer 3 than for Beer 2. Beer 3 was a 
commercially produced beer and, although for reasons of commercial sensitivity this 
cannot be confirmed, it is likely that it had been enzyme treated in order to remove 
potential filter foulants prior to kieselguhr filtration. Clearly, this will have the some 
impact on these filtration experiments, hence the reduced levels of fouling and higher 
fluxes for observed for Beer 3. Furthermore, given that Beers 2 and 3 will have 
similar yeast concentrations, it may be concluded that yeast will have formed a 
significantly greater proportion o f the fouling layer in the pre-centrifuged samples of 
Beer 3 as opposed to Beer 2.
The data for Beer 4 presents a more complex picture. Of the material identified, there 
was proportionally more protein and less carbohydrate in the unfiltered beer than in 
Beers 2 and 3. However, the proportion of protein in the identified fraction of the 
fouling layer were similar to those which were observed in Beers 2 and 3. The most 
striking feature of the data for Beer 4 is the wide variation in the unknown fraction. 
This may have reflected a higher proportion of long-chain carbohydrates, but further 
investigation is required.
It is clear from all of the data presented that, in comparison to the unfiltered beer, a 
greater amount o f polyphenols and a reduced amount of carbohydrate are present in 
the fouling layers. The data relating to Beers 2 and 3 also indicated that there was a 
greater proportion of protein in the fouling layer as compared to unfiltered beer, 
although this was not the case for Beer 4. This observation has some significant 
implications with respect to the application of microfiltration in the brewing industry. 
It is the formation of protein-polyphenol complexes that cause chill haze. These data 
raise the possibility that microfiltration may be employed to selectively remove chill 
haze components.
Furthermore, these data also provides evidence that it is both carbohydrates and 
protein-polyphenol complexes that make up the macro-molecular fouling layer. It is 
accepted that protein-polyphenol complexes can yield inclusion compounds with 
carbohydrates, however it has been shown that the carbohydrates accounts for no 
more than 17% by mass [29,46] o f the complexes. In the data presented here, the
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carbohydrate accounted for greater than 80% of the mass of the fouling layer. This 
implies the existence of carbohydrate gels in the fouling layer.
4.3. Investigation 3: Repeat Evaluations o f one beer type -  Methodology 
refinement and the use o f particle size analysis.
It was the aim o f this study to refine the methodologies developed for investigation 2 
and to assess brewery variation for any one beer type. This was carried out through 
repeated filtration performance and fouling layer composition analysis of Beer 3. 
Similarly to investigation 2, the beer was investigated both pre and post 
centrifugation. This investigation was the first to introduce detailed particle size 
analysis of both the unfiltered and filtered beer samples.
A total o f two further repeated evaluations using Beer 3 have been carried out. 50 
litre samples of the beer were collected from the same post-fermentation source from 
the same brewery. The beer samples collected were from different batches of the 
same beer. These samples were subjected to exactly the same investigations as 
detailed in section 3.7.2. For each batch, this produced 3 sets of filtration 
performance data and 3 sets o f fouling layers for the uncentrifuged beer. The same 
data were gathered for the centrifuged beer.
6*
For the first time, particle size analysis of the unfiltered beers and bulked filtrates 
from these two different batches of Beer 3 were carried out. The unfiltered beers, 
both centrifuged and uncentrifuged, were analysed using both a 20pm and 140pm 
tube on a Coulter n  Multisizer as described in section 3.6. All the bulked filtrate 
samples were analysed using a 20pm tube. Both the unfiltered beer and the bulked 
filtrate were analysed for sub-micron particles (<lpm) using a photon correlation 
spectroscope as described in section 3.6.
4.3.1. Results
Each repeated evaluation was carried out on a different batch of Beer 3. The number 
of the batch (the chronological order in which they were investigated) is presented in 
parenthesis.
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Flux Decline Curves
The flux decay curves for repeated investigation using Beer 3 are presented in Figs 
4.9 -4 .11. Figure 4.9 are the same data as presented in Figure 4.4. It is presented 
here again to facilitate the comparison of repeated results.
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Figure 4.9.: Beer 3(1) - Flux Decay Curve
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Figure 4.10.: Beer 3(2) - Flux Decay Curve
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Figure 4.11.: Beer 3(3) - Flux Decay Curve
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In all investigations the flux declined over the period of the experiment. At the end of 
the experiments, all the fluxes were approaching an asymptotic value at least an order 
of magnitude lower than the initial flux value. Comparison o f the initial fluxes (Figs 
4.9. -  4.11.) shows that when filtering the uncentrifuged samples the initial fluxes 
were lower than those when filtering the centrifuged beer. This was also seen when 
filtering other, different, beers (section 4.2.1.). Similarly to investigation 2 the results 
from all batches of Beer 3 also showed a greater final flux value when filtering 
uncentrifiiged beer.
For a given beer source (uncentrifuged or centrifuged) the magnitudes o f the final 
fluxes across all batches were very similar, and all are an order of magnitude greater 
than those observed when filtering Beers 1 ,2 and 4.
Fouling Layer Composition Data
The repeated fouling layer compositions from Batches 1 and 2 are shown in Tables 
4.6. and 4.7. Table 4.6. are the same data as presented in Table 4.4. They are 
presented here to facilitate comparison.
The samples labelled 1 to 3 were the layers compositions formed with uncentrifuged 
Beer 3. The layers 4 - 6  were the formed with the centrifuged beer. The unfiltered 
beer composition is presented for comparison.
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 3 Beer 4 5 6 Beer
Carbohydrate 50.0 53.0 49.0 80.0 70.0 72.0 66.0 77.0
Protein 5.0 10.0 4.0 0.4 5.0 8.0 6.0 1.0
Polyphenol 4.0 1.0 5.0 2.0 8.0 11.0 9.0 1.0
Unknown 41.0 36.0 42.0 17.6 17.0 9.0 19.0 21.0
Table 4.6.: Beer 3(1), Fouling layer and unfiltered beer compositions
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Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 3 Beer 4 5 6 Beer
Carbohydrate 38.6 49.6 44.5 78.6 45:2 N/A 55.0 79.1
Protein 19.1 16.9 21.4 9.6 23.6 N/A 29.0 8.7
Polyphenol N/A N/A N/A N/A N/A N/A N/A N/A
Unknown ? ? ? ? ? ? ? ?
Table 4.7.: Beer 3(2), Fouling layer and unfiltered beer compositions
The results from Batch 1 are discussed in section 4.2.1.
The data from Batch 2 have no polyphenol results. This will be discussed in section
4.3.2. but means that the total unknown fraction of the layer was not quantifiable. 
Carbohydrates form 38.6 -  49.6 wt. % of the fouling layer formed with uncentrifuged 
beer and 45.2 -  55.0 wt. % o f the layer formed with centrifuged beer. The 
uncentrifuged and centrifuged unfiltered beer samples contained 78.6 and 79.1 wt. % 
carbohydrate respectively. Protein was present in the layers formed with 
uncentrifuged beer at concentrations between 16.9 wt. % and 21.6 wt. %. It was 
present in slightly greater quantities in the layers formed with centrifuged beer (23.6 -  
29.0 wt. %). The unfiltered samples contained 9.6 wt. % (uncentrifuged) and 8.7 Wt. 
% (centrifuged) protein. The unavailability, o f polyphenol results means that the 
relative comparison of the identified components (as carried out in section 4.2.1.) is 
impossible for this batch.
The fouling layers formed when filtering the uncentrifuged Beer 3, Batch 3 were 
grouped together to produce a larger sample for analysis. The same was done for the 
layers formed from the centrifuged beer. These, bulked, samples were then analysed 
for carbohydrate, protein and polyphenol and compared to the compositions of the 
unfiltered beers. These results are presented in Table 4.8.
Sample 1 was the layer composition formed with uncentrifuged Beer 3. Sample 2 was 
the layer formed with the centrifuged feed.
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Uncentrifiiged Centrifuged
Foulant (wt.%) 1 Beer 2 Beer
Carbohydrate 35.5 78.1 50.7 86.0
Protein 13.9 9.6 14.1 8.7
Polyphenol 0.0 3.7 0.9 0.8
Unknown 50.6 9.6 34.3 4.5
Table 4.8.: Beer 3(3), Fouling layer and unfiltered beer compositions
The fouling layer formed from uncentrifuged beer had a 50.6 wt. % fraction which 
had remained unidentified. The layers from the centrifuged beer had a 34.3 wt. % 
unidentified fraction. The unknown fraction of the unfiltered feed beers was 9.6 wt.
% (uncentrifiiged) and 4.5 wt. % (centrifuged).
Analysis of the relative contributions of carbohydrate, protein and polyphenol to the 
known fraction of the layer and the feed beer sample are presented as normalised data 
in Fig 4.13. To facilitate comparison, the same data from Batch 1 o f Beer 3 is also 
presented as Fig 4.12. This figure is a reprint of that originally presented as Fig 4.7. 
in section 4.2.1.
The proportion of carbohydrate in the identified fouling layers was between 71.9% 
and 74.0 %. This is compared to 88.15 % (uncentrifiiged) and 90.1 % (centrifuged) of 
the unfiltered beer samples. Protein was present in Batch 3 fouling layers and 
unfiltered beer samples in a greater proportion than it was observed in Batch 1.
Protein constituted 28.1 % of the layers formed from the uncentrifiiged beer and 20.6 
% of the layers formed from centrifuged beer. It formed 10.8 % and 9.1 % o f the 
uncentrifiiged and centrifuged unfiltered beer samples respectively. The relative 
contribution of polyphenol to the layer, for both the bulked samples, was less than 
Batch 1. The polyphenol concentration was below the analytical limit in the layers 
formed with uncentrifiiged beer. It formed 5.4 % of the total identified fraction o f  the 
layers formed with centrifuged beer. The polyphenol contribution to the feed beer 
compositions were very similar to Batch 1 at 1.0 - 0.8 %.
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I Carbohydrate □  Polyphenol □  Protein
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Figure 4.12.: Beer 3(1) - Normalised fouling layer composition
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Figure 4.13.: Beer 3(3) - Normalised fouling layer composition
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Particle Size Analysis
The particle size distributions of the unfiltered beers from Batches 2 and 3 are 
presented in Figs 4.14 to 4.21. Figs 4.14., 4.15. and 4.18., 4.19. are the distributions 
determined with a 20|am tube on the Coulter Multisizer II (see section 3.6.) and Figs 
4.16., 4.17.and 4.20., 4.21 are those determined with a 140|im tube. The 140pm tube 
produces a size distribution that enables an accurate determination of the yeast 
concentration in the beer. Yeast concentration was determined from the number of 
particles in the range of 6 - 12pm.
Filtrate particles size distributions from Batches 2 and 3 are shown in Figs 4.22. -  
4.27. and 4.28 -  4.33.. These distributions were all carried out using a 20pm tube 
giving a distribution in the range o f 0.5 - 20pm.
The total concentration o f ‘haze type’ particles is classed as those <4pm in size [54] 
and is usually determined using the 20pm tube. The results of yeast and haze 
concentration for the two unfiltered beers from each batch are included as Table 4.9. 
The concentrations of the ‘haze-type’ material in the filtrate samples are presented in 
Table 4.9.
Uncentrifuged Centrifuged
Batch 2 3 2 3
Yeast (cells/ml x 103) 5,000 8,700 65 101
Haze (particles/ml x 103) 91,900 197,200 76,100 77,000
Table 4.9.: Unfiltered Beer -  Yeast (6-12pm) and haze (<4pm) concentrations
Uncentrifuged feed Centrifuged feed
Batch 2 3 2 3
Haze Filtrate 1 29,800 7,600 8,800 28,500
(particles/ml Filtrate 2 18,100 26,600 18,300 36,600
x 103) Filtrate 3 24,800 18,000 15,400 20,900
Table 4.10.: Filtrate Beer Haze Concentrations (<4pm)
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Comparisons of the unfiltered beers from both batches show that the uncentrifuged 
beer from Batch 3 had significantly more yeast (8,700 compared to 5,000 x 
103cells/ml) and significantly more haze type material (197,200 compared to 91,900 x 
103 particles/ml). The centrifuged samples from both batches had similar yeast and 
haze particle concentrations. (65 and 103 x 103 cells/ml yeast and 76.1 and 77.0 x 103 
particles/ml haze for Batches 2 and 3 respectively). These results suggest that 
centrifugation removes the majority o f the yeast from the unfiltered beer and, 
certainly for Batch 3, some of the haze material.
The filtrate samples obtained from the uncentrifiiged beer of Batches 2 and 3 had 
similar concentrations of haze material (Table 4.10.). The average concentration of 
haze over three repeated experiments was 24.1 ± 5.9 x 103 particles/ml for Batch 2 
and 17.4 ± 9.5 x 103 particles/ml when filtering the same beer from Batch 3. 
Comparison of the filtrates from the centrifuged beers to those from the uncentrifiiged 
beers is contradictory. Batch 2 had a lower concentration of haze in the filtrates from 
the centrifuged beer (14.2 ± 4.9 to 24.1 ± 5.9 x 103 particles/ml). However, Batch 3 
had a higher concentration in the filtrates from the centrifuged beer (28.7 ± 7.9 to 17.4 
db 9.5 x 103 particles/ml).
Sub-micron particle concentrations o f the unfiltered feed beer are presented in Table 
4.11. The concentrations for the filtrate samples are presented in Table 4.12.
Uncentrifuged Centrifuged
Batch 2 T  2 3
Sub-micron Count 32.7 82.3 36.2 205.4
Table 4.11.: Unfiltered Beer, Sub-micron Particle Concentrations (<lpm)
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Uncentrifuged feed Centrifuged feed
Batch 2 3 2 3
Sub-micron Filtrate 1 9.4 12.0 9.5 12.5
Count Filtrate 2 9.4 12.7 10.1 11.8
Filtrate 3 10.9 10.0 9.8 14.0
Table 4.12.: Filtrate, Sub-micron Particle Concentrations
The unfiltered uncentrifiiged beers from Batches 2 and 3 had sub-micron counts of 
37.2 and 82.3 (arbitrary units) respectively. The unfiltered centrifuged beers had 
counts of 36.2 and 205.7. Both centrifuged and uncentrifiiged beers from Batch 3 
have a higher sub-micron particle concentration. There was a significant increase in 
particle concentration, after centrifugation for the Beer from Batch 3.
From Table 4.12, the filtrate samples had average counts of 9.9 ± 0.9 and 11.6 ±  1.4 
for the two different batches (uncentrifiiged). The centrifuged samples produced 
filtrates with average counts of 9.8 ± 0.3 and 12.8 ± 1.3.
4.3.2. Discussion
The flux decay curves (Figs 4.9. -4.11.) show that the filtration performances ô f the 3 
different batches of Beer 3 were repeatable. This was true both in terms of final flux 
values as the curve approached an asymptote, and the overall shape o f the flux decline 
curve. All 3 batches show that the initial rate of flux decline was greater when 
filtering the uncentrifiiged samples. However, the asymptotic flux values for the 
uncentrifiiged beers were always greater than those for the centrifuged samples. From 
this observation, it is possible to postulate that yeast inhibits the fouling of fine 
components on the membrane. This may be achieved by the yeast, first, rapidly 
covering the membrane pores. Yeast is an order of magnitude larger that the 
membrane pores (6-10pm compared to 0.45pm). This would then have prevented the 
steady, progressive, build-up of fine materials which may foul in the pores and 
completely cover the membrane surface. This initial ‘bulk’ fouling of yeast may 
explain the initial high rate of flux decline observed experimentally.
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Increased asymptotic flux values observed in the presence of yeast could have been 
achieved through a number of different mechanisms. However, given the relatively 
weak crossflow forces imparted by the impeller (impeller Reynolds number 1800 at 
maximum impeller speed) and the significant transmembrane pressures across the 
membrane, it was likely that the yeast particles acted as a conventional filter aid in a 
depth filter. Several layers of yeast could have deposited onto the membrane surface, 
effectively increasing the area for macromolecule fouling. This would have prevented 
macromolecular fouling at the membrane surface or in the membrane pores. Such 
mechanisms would have resulted in the higher fluxes observed when filtering in the 
presence of yeast.
The presence of yeast in the fouling layer when filtering uncentrifuged beer is also 
supported by the fouling layer data. Batches 1 and 3 had larger unknown fractions in 
the layers formed when filtering with yeast (Tables 4.6. and 4.8.). Normalisation of 
this data show that the relative contributions of carbohydrate, protein and polyphenol 
to the known fraction were very similar (Figs 4.12. and 4.13). This suggests that the 
identified fraction of the layers have the same composition. Accordingly, one can 
then infer that yeast was present in the layer and it was partly contributing to the 
unknown fraction.
Such an approach for the layers from Batch 2 was not possible. This was because.5* 
there was not enough fouling layer material remaining to carry out a polyphenol 
assay. This was the reason that the three repeated fouling layers formed from 
uncentrifiiged and centrifuged Batch 3 were grouped together to form two samples 
large enough for analysis.
Although this analysis suggests that yeast was forming a fraction of the unknown 
components in the layer, the layers formed when the yeast had been removed and the 
unfiltered beers still had unidentified fractions. As suggested in section 4.2.2. the 
unknown fraction could have been due to the difficulties in analysing long chain 
carbohydrates which had been frozen [53]. Such components are present in both beer 
and yeast [3] and have been identified as potential filter foulants in microfiltration 
systems [12, 21, 36, 37,40]
50.
Sfark Tavlor. EngD 24 Month Dissertation. October 1999
The most significant difference between the composition of the identified fractions of 
the fouling layers from Batches 1 and 3 is in the polyphenol and protein fractions. 
Batch 3 fouling layers contained a higher proportion of protein and virtually no 
polyphenol. The reasons for this are unknown, but investigations are on-going.
These are primarily concerned with a variation in the reagent used in the polyphenol 
assay. A new type of iron reagent was used in the analysis of the layers and beer 
samples from Batch 3. Other investigations are concerned with the oxygen 
concentrations in the unfiltered beer. Oxygen is reported to polymerise these 
materials, this then increases their potential to form complexes and hence precipitate 
[3, 40, 43-46].
When compared to the concentrations in the feed beer, protein was deposited onto the 
membrane in preference to carbohydrate in both Batches 2 and 3. This is supported 
by the findings from Beers 2 and 4.
Analysis of the layers formed when the beer had been centrifuged gave quantification 
o f only the macromolecular foulants. It was suggested in section 4.2.2. that the 
membrane was fouled by both haze-type material and carbohydrate gels. This was 
because o f the high carbohydrate concentration in the fouling layer. These repeated 
evaluations using Beer 3 all had high carbohydrate concentrations in the layer thus 
supporting the suggestion made that carbohydrate gels foul the membrane. However, 
the absence of polyphenol from the layers means that the macromolecular foulants 
cannot be confirmed as protein/polyphenol haze and carbohydrate gels.
Particle size distributions (>lpm ) showed that the unfiltered uncentrifiiged beers from 
Batch 3 contained significantly more yeast and haze material than the comparable 
sample from Batch 2. Centrifugation removed significant quantities of the yeast 
98.7% Batch 2 and 98.8% Batch 3) and, in the case of Batch 3, also removed 
significant quantities of the haze material (61% compared to 18% in Batch 2). This 
suggests that at high particle concentrations, centrifugation removes large quantities 
of haze as well as the yeast. This may be explained through increased particle-particle 
interaction during the centrifugation of the particle concentrated beer.
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The filtrate samples all showed a significant reduction in the number of haze type 
particles present (96.2% to 51.9%). However, the absolute values did not have any 
significant variation. This was regardless of the batch of beer or the presence of yeast . 
The finding was supported by the sub-micron particle analysis (Tables 4.11 and 4.12.) 
which have yielded a similar result. This finding cannot be explained simply. It 
suggests a complex interaction between particle concentration, flux, type of particle, 
membrane and the bulking o f the filtrate samples. To further investigate this future 
investigations will study the variation in particle size distribution with filtration time. 
This will facilitate an understanding of the type of membrane layer formed and the 
relative porosity of the fouled membrane.
Analysis of the sub-micron concentrations in the unfiltered samples (Table 4.11) 
showed one interesting result. The concentration of sub-micron particles in the 
centrifuged sample from Batch 3 was approximately 3 times that in the uncentrifiiged 
sample. This result suggests that centrifugation may produce more sub-micron 
particles. This could come through the disruption haze-type material (primarily 
complexes) to form smaller colloids. This only occurs in thé unfiltered beer 
containing large concentrations o f particulates (Batch 3). The sub-micron particle 
concentrations for unfiltered samples from Batch 2 (uncentrifuged and centrifuged) 
were very similar. Further investigation into the influence of centrifugation on sub­
micron particle concentrations is required. x ^
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CHAPTER 5: CONCLUSIONS
From the results and discussions of the three investigations carried out to-date it is
possible to conclude:
• Initial investigations into the stability of beer with respect to filtration 
performance have shown that that up to 7 days of storage of the beer at 0°C has no 
observable influence on filtration performance. After 9 days of storage the 
filtration performance improves. This may be due to changes in the particle size 
distribution of the stored beer. This work is supported by findings in the literature
• The analytical and experimental methodologies that have been developed have 
proved very useful for initial investigations into membrane fouling. If  these can be 
improved and applied to experiments under true crossflow hydrodynamics then 
they will be very useful in future work. Future work will mainly concentrate upon 
developing an understanding of the fouling mechanism in true crossflow 
hydrodynamics
• The fouling layer formed on the membrane surface is predominately carbohydrate. 
However, the exact nature of this carbohydrate is yet to be determined. Protein 
and polyphenol are also present
• Protein and polyphenol appear to be important components within the beer that
5*
are preferentially deposited onto the membrane surface. From these studies it is 
not possible to determine whether they are deposited as individual species or as 
soluble or insoluble complexes. Such complexes are common in unfiltered beer. 
Their removal is essential for stabilising the final filtered beer
• Analysis of the layers formed when filtering the centrifuged beer suggest that the 
dominant foulants in yeast-free systems are protein/polyphenol complexes and 
carbohydrate gels. This is the first time this has been confirmed through 
quantitative analysis
• The carbohydrate concentration in the fouling layers formed when filtering 
different batches of the same beer type are very similar, particularly when one 
considers the variation of yeast concentration in the feed samples
• The Protein and polyphenol concentration in the layer, when filtering different 
batches of the same beer do vary. This may be a consequence a variation in the 
polyphenol assay
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• Yeast appears to contain a component that fouls the membrane but cannot be 
identified by the current analytical techniques. Analytical experts have suggested 
that this component may be yeast cell wall carbohydrate material or lipid
• The presence of yeast is important in the filtration performance o f any one given 
system. It improves long-term filtration rate. The mechanisms o f fouling appear 
to change due the presence of yeast
• Through collecting the filtrate as a bulk sample it is not possible to use filtrate 
particle size analysis techniques as a tool for further understanding the fouling 
mechanism. This may be because the larger particles pass through initially, 
dominating any subsequent analysis
• Particle size analysis of the unfiltered beer provides a good characterisation of the 
beer. Potential fouling problems due to high concentrations o f fine components 
can be studied
• Centrifugation of the beer at 2000 rpm for 20 minutes removes the >98% of the 
yeast and some of the haze material. The amount of haze material removed 
appears dependant on the initial concentration. A high initial concentration results 
in a higher removal rate
• Simultaneous visualisation o f the fouled membrane layer, together with the 
existing data collected, would assist greatly in the determination o f the membrane 
fouling mechanism. It would be particularly useful for systems where the role of 
the yeast particle in the mechanism is unclear
• The stirred cell apparatus that has been used in these studies is very unlikely to 
accurately simulate the hydrodynamics o f a true crossflow system
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CHAPTER 6: FUTURE WORK
6.1. D e v e lo p m e n t  o f  M e th o d o lo g ie s
6.1.1. Analytical Methodologies
As discussed in Chapter 4, all o f the fouling layers and unfiltered beer samples 
contain an unidentified material. The results suggest that this material may be 
associated with the yeast. It was also possible that the analytical techniques used did 
not detect long chain carbohydrates. Identifying these components will enhance 
confidence in the studies. One analytical method currently under investigation is the 
acid hydrolysis of the foulant layer samples prior to analysis using High Performance 
Liquid Chromatography (HPLC) by Dionex with a pulsed amperometric detector.
This method [55], works by first breaking the complex carbohydrate down into sugar 
monomers and then resolving those monomers in the ion column. From the 
concentration of monomers found it is then possible to back-calculate the quantity of 
each individual type carbohydrate present in the sample. It has been used [55] to 
accurately quantify near 100% of the carbohydrates present in yeast. It should also 
detect the long chain carbohydrates in the beer.
The other component present in yeast, that may foul the layer, and will not be picked 
up by the current analysis, is lipid. A method for determining lipid concentrations is 
also under development at BRI.
6.1.2. Experimental Methodologies
Aside from improving the analytical aspect o f my studies I have also been developing 
techniques which should enable the current membranes to be studied under identical 
hydrodynamic conditions to those experienced in large scale membrane rigs. The 
current problem with the stirred cell is that, no matter what the stirred speed, the 
membrane cannot be subjected to the same rigorous crossflow conditions as is found 
in a typical membrane tube bundle. A new cell design will mount the membrane in 
true crossflow, a diagram of which, together with a summary of the main design 
parameters is shown in Figure 6.1.
55 .
Mark Tavlor. E n sD  24 Month Dissertation. October 1999
Design Parameters
Channel Height - 3 mm
Channel Width - 70mm
Crossflow Velocity - 0.5 to 5 m/s
Transmembrane Pressure - 0.01 barg to 2 barg
Temperature - 0 Deg C to Room Temp
Re-Up to ~15000
Filtrate Rate - 70 to 300 ml/hr
Figure 6.1.: Diagram of proposed new crossflow cell
The design of this cell was based upon existing data from large-scale membrane tube 
bundles that had been investigated at BRI. The cell is going to be incorporated into an 
existing anaerobic crossflow rig at BRI. The rig was chosen to be anaerobic as it  Bas 
been reported [3,40,43-46] that oxygen has an effect on macromolecule formation in 
beer. Hence, one would expect this to also have an effect on filtration performance.
As a preliminary study to this work, the effects o f O2 on filtration will be studied 
using the stirred cell to try to understand the exact impact of O2 on basic kinetics and 
membrane layer compositions. This work is currently on-going.
6.1.3. Particle Size Distributions
The particle size analysis o f both filtered and unfiltered samples (discussed in section
4.3.) have given mixed results. The unfiltered beer characterisation was very useful
îÿtÿlo^mproveun^rlia^mgt'fiSure^nwsfîlliionsN^f^wViwft'ï^^teall resu*ts' 
samples together. Instead, samples will be taken at fixed times during the membrane 
fouling experiments. These samples will be analysed using only the Photon
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Correlation Spectroscope, producing a concentration o f sub-micron particles. This 
should enable any pore plugging of the membrane to be monitored.
6.1.4. Visualisation
It is hoped that under the true hydrodynamic conditions the visualisation o f the 
fouling layer will assist in the determination of a fouling mechanism. A variety o f 
methods have been used to investigate fouling in microfiltration systems [28, 56-69]. 
Of these, the use of a Scanning Electron Microscope (SEM) appears most successful 
at attaining the required resolution for viewing the interactions between 
macromolecules, particulates and the membrane surface. This method has the 
problem that analysis can only be carried out ex-situ. This creates problems as the 
layers may collapse once the hydrodynamic forces have been released. Authors have 
used various fixing techniques to tiy to permanently fix the layer to the membrane 
[28, 55, 58]. These include both chemical and physical (freezing, drying) methods. 
The use of an SEM is also appropriate for this study as within BRI research 
laboratories a cryogenic SEM unit is available. This will enable even ‘wet’ samples 
to be analysed. The training has already been received for the operation of the 
microscope.
Prior to beginning the visualisations studies a series o f experiments will be carried out 
to discover the best fixing methodology for beer fouling layers. Once this has been 
established, visualisation will form another aspect to the overall assessment of 
filtration performance.
In a Ph.D. project running simultaneously in the Department o f Chemical and Process 
Engineering at the University of Surrey such visualisation techniques are being 
assessed for a model beer system. Obviously there will be some overlap with the two 
projects and it has been agreed that information will be readily exchanged. This 
should enable understanding to be developed at a much greater rate.
6.1.5. Integrating Methodologies
As mentioned in Chapter 1, it is the overall aim of this project to investigate the 
mechanisms of membrane. Future work will achieve this aim by integrating the 
quantitative analysis, particle size data and the foulant visualisation. It is planned to
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‘step’ the levels o f membrane fouling to the minimum asymptotic flux value. At each 
‘step’ all the analytical tools will be used and thus a detailed picture of the mechanism 
of fouling will develop. It is proposed that this will all be achieved at hydrodynamic 
conditions very similar to those found in a typical commercial crossflow unit using a 
representative beer.
6 .2 . E n v iro n m e n ta l  C on tr ibu tion
As the understanding of the technical aspects of the project develops it is also 
essential that the environmental grounding of this study is not forgotten. It is proposed 
that as part of this doctorate a short (~6month study) comparative LCA should be 
carried out. The aim of this would be to try and verify the environmental advantage of 
using membrane technologies over the current powder filtration. The comparison 
would be made over the complete life-cycle incorporating membrane 
manufacture/disposal and powder extraction/landfilling. To-date some initial ideas 
have been discussed regarding this project and both industrial and academic partners 
are happy for it to occur. Preliminary work has begun and will continue during breaks 
in the experimental programme. During the next 24 months of the doctorate a 
definitive time period will be set aside to devote all time and effort to completing this 
investigation. Another suggested approach has been to begin investigation with the 
supervision of a final year research project. This would be supported by both BKFand 
Department of Chemical and Process Engineering, University of Surrey.
6 .3 . O th e r  W o rk
As mentioned in Chapter 1 ,1 have also been involved in some confidential pro] ects 
for specific companies allied to BRI. The first o f these projects was an investigation 
into the feasibility o f using carbon fibre based membranes for the crossflow filtration 
of beer. Their potential for use in the brewing industry was initially investigated by 
Bath University with promising results. To support this data I also carried out some 
initial investigations into the membranes at BRI. These investigations studied the 
influence of filtration temperature, level o f down-stream processing and anaerobic 
conditions on the filtration performance of the membrane. Performance was assessed
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using beer flux and using an average count of a PCS as a measure of product stability. 
The report written for this is included as Appendix 1.
It should be noted that as a consequence of both this investigation and the work at 
Bath approximately £20,000 worth of funds has been secured for BRI to facilitate 
further investigations. I will continue to manage these projects.
A second confidential project is currently underway looking at the use o f back-pulsing 
to improve the flux. Back-pulsing is the high frequency pulsing of a gas (usually 
CO2), back, through the membrane to dislodge the membrane fouling layer. This 
project is only in the developmental stage but the back-pulsing system has been 
received from the membrane manufacturer and is currently being installed. This 
system will be investigated quickly, on a large scale, using several different beer 
types, from one source, at a constant set of experimental conditions. The results from 
this will then determine any future investigations. This addition to crossflow 
processing should not have any further environmental impacts and may reduce the 
time for the commercialisation of the technology to occur. The reason for the lack o f 
environmental impact is due to the small energy demand of the back-pulsing device 
when compared to that of the entire crossflow unit and the small quantity o f gas 
consumed.
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Preliminary Investigations into the Application of Carbon 
Membranes to the Brewing Industry 
1. Executive Summary
Carbon membranes were evaluated using beers from two different sources with a 
brewery and at two different filtration temperatures. The two beers had differing 
particle size distributions, one containing a significant amount of yeast and 
particulates. It was found that, under the experimental conditions tested, the 
membranes were ineffective in filtering the beer contain high numbers of particles. 
However, when filtering the beer with fewer particles the membrane achieved good 
quality filtrate (comparable to bright packaged beer) at higher fluxes than have been 
seen with standard polymeric membranes. This was true for both filtration 
temperatures. At the higher temperature (18°C) the fluxes were higher. This was 
probably due to a reduction in beer viscosity. Contrary to expectations the beer 
filtered at this temperature was also of excellent quality, with predicted colloidal 
stability even better than the filtrate produced from the lower temperature filtration. 
All of the fluxes achieved were of a high enough level to make the membranes an 
economically viable option for the brewer. There was no effect on the colour of the 
beer in any of the filtrations.
2. Introduction
Carbon fibre membranes, developed by Company X limited have shown excellent 
potential for use in crossflow filters. This has been seen during investigations at Bath 
University, under the supervision of Prof. John Howell. The studies carried out at 
Bath were done using both low trans-membrane pressures and low crossflow 
velocities. The results suggested that given the right experimental conditions, 
continuous, high levels of flux (volumetric flow-rate through the membrane per unit 
membrane area) could be achieved without fouling the membrane. These studies also 
had some qualitative evidence to suggest that the colloidal stability of the filtrate was 
excellent and that the overall quality (colour, flavour) of the beer was not impaired by 
the filtration process. However, these studies where only carried out at one filtration 
temperature with one type of beer. The filtration conditions also differed from a 
brewery in that oxygen could not be excluded from the process. This may prove 
crucial as oxygen plays an important role in the polymerisation of polyphenols.
Polymerised polyphenol reaction with protein can result in haze formation and loss of 
colloidal stability. It has also been observed that protein and polyphenol are 
important components found in the fouling layers formed on membrane surface. 1
It was the aim of this study to provide support data to Bath University and to evaluate 
the feasibility of carrying out a larger scale evaluation at BRi. The investigations 
proposed by BRi evaluated the membrane performance for a different beer, at 
hydrodynamic conditions similar to those previously studied and for two different 
filtration temperatures. For all experiments, oxygen was excluded from the system to 
a level within brewery limits (<200ppb).
The membrane performance was evaluated quantitatively by studying flux profiles 
during filtration and by using Photon Correlation Spectroscopy (PCS) to determine 
the total number of sub-micron particles in each filtrate sample. This application of 
PCS is an indicator of long-term colloidal stability. The effect of filtration on beer 
colour was also qualitative assessed.
It was proposed that beers from two parts of the brewing process were tested to 
facilitate a broad indication of the membranes performance when filtering beer of 
different particle size distributions as well as at different temperatures. These are two 
criteria that have, previously been shown to be crucial in determining the viability of 
membrane filtration technologies 2.
3. Results and Discussion
The two beers investigated were post-fermentation and post-cold conditioning. These 
two had sufficient variation in their particle size distribution to facilitate the 
investigation. Each of these beers was filtered at low (<5°C) and high (18°C) 
temperatures.
All experiments were to carried out at a fixed trans-membrane pressure. This varied 
from 0.05 to 0.04 bar, due to head loss in the feed vessel). Crossflow velocity was 
simulated by an agitator, 1mm from the membrane surface travelling at -800 rpm (tip 
speed). In all cases, the filtering system was completely closed and oxygen levels
monitored using a Model 26073 Obisphere from  Obisphere Laboratories. Colloidal 
stability was assessed using a. Malvern Photon Correlation Spectroscope.
As a control, at each set of experimental conditions, a polymeric, 0.45pm Mixed 
Esters of Cellulose membrane was used to assess membrane performance. This 
membrane had been used many times at BRi in evaluations. It had been found to 
exhibit the most consistent fluxes when operating with a range of beers and 
experimental conditions.
3.1. Beer Post-Fermentation, Investigations
Beer, post-fermentation* contains a large amount of yeast particles which can, in some 
cases increase the filterability of a beer during crossflow filtration1. In the case of this 
particular sample, the yeast content was particularly high and total solids content 
estimated at greater than 1 % weight.
3.1.1. Cold-Filtration Experiments
At a TMP of 40 cm H20  no filtrate flow was achieved, this condition remained for 7 
minutes. At this point the TMP was increased to 5 psig and still no filtrate flow was 
achieved. These conditions were then held for a further 8 minutes until finally the 
TMP was increased again to 15 psig. This also had no impact on the filtration and 
after a further 10 minutes the investigation was abandoned without achieving any 
filtrate flow. This protocol was repeated 2 further times with identical results.
As a consequence of these initial investigations it was decided not to carry out a 
polymeric membrane ‘control’ filtration under these conditions. Instead, a standard 
filterability test was carried out on the problematic beer. The purpose of this was to 
evaluate the filterability of the green beer against previous BRi data. Through 
comparison it should be possible to qualitatively assess if the problem is with the beer 
or the membrane. Details of this method are included in section 5. The results of this 
evaluation was a Vmax value of 40 ml (Vmax is an indicator o f the total volume 
filterable in infinite time, full details in OShaughnessy & Durosinmi-Etti, 1997). 
When compared to other beers (Typical values are in the region o f 100-400 ml) this is 
very low and would indicate that this is a ‘problem’ beer for filtration.
" Post-fermentation beer without subsequent treatment can be referred to as green beer.
3.1.2. W arm Filtration Experiments
Because of the problems found with filtering the beer cold, warm evaluations were 
suspended. The increase in viscosity due to temperature was thought unlikely to 
overcome the significant membrane fouling problems with this beer.
3.1.3. Beer Post-Fermentation Discussion
It is probable that both the overall poor filterability and solids content had a very 
detrimental effect on the experiments carried out using the carbon membranes to filter 
green beer. The combination of large and small carbon fibre stands, of which the 
membrane is composed, may prove to be very effective in trapping large particles 
(such as yeast). Because of this irregular structure, these particles would not be 
susceptible to the crossflow forces which could remove them and hence, quickly and 
permanently foul the membrane.
3.2. Beer Post-Cold Conditioning Investigations
The beer in this case had also been centrifuged, prior to conditioning*. This would 
remove many of the large particles that are suggested to cause excessive fouling. 
Despite this, due to the problems filtering the green beer the initial task of this 
investigation was to ensure that filtrate flow was achievable. Simple test! were 
carried out to see at which TMP filtration would be possible. At low TMP (40 cm 
H20), with the majority of membrane samples, breakthrough could not be achieved. 
However, should the TMP be raised to between 90 and 100 cm H20  filtration 
breakthrough occurred with all the samples tested. Therefore, to ensure that filtration 
would occur the TMP was raised above the recommended level of 20-50 cm H20  to 
90-100 cm H20 . Operating at this higher TMP will have an impact on the filtration 
performance and characteristics. Data collected should still provide enough 
information on the applicability of the membrane to the industry. Despite the 
increase, TMP’s in the region of 100-90 cm H20  are an order of magnitude lower that 
those previously investigated by the brewing industry.
* After conditioning and prior to filtration the beer can be referred to as rough beer.
3.2.1. Cold Filtration Experiments
The results from the cold filtration trials along with those from the control membrane 
at identical conditions are shown in figures 3.1. and 3.2. These results show good 
repeatability in the two evaluations carried out on the carbon membranes and both 
show enhanced fluxes over those which could be achieved with a typical polymeric 
membrane. The pseudo steady state fluxes that were achieved are in the realm (-100 
litres/m2.hr) which makes crossflow filtration an economically viable option for the
industry.
Using Vmax to interpret the long-term filtration performance of the carbon membranes 
is invalid in this situation. This is due to low levels of fouling and therefore the t/V 
against t relationship approaching horizontal (see figure 3.2 ). This results in virtually 
infinite filtration theoretically being possible. In this region the gradient of the line are 
sensitive to small changes in the data and the method collapses. This is a short­
coming of the technique and Vmax interpretations are only feasible for medium to high 
fouling systems. It should also be noted that the Vmax values attained here are at the 
experimental conditions and not at the ‘filterability test’ test conditions described in 
section 3.1.1.
Figure 3.3. shows the total sub-micron particles present in the feed and filtrate 
samples when compared to the data from a bright, packaged sample of the^ Sample 
beer. These data show that the carbon membranes are capable of reducing the number 
sub-micron particles to similar levels seen in packaged bright beer samples. 
Assuming this analysis is one indicator of colloidal stability, the membranes show 
promising performance. Qualitative inspection of the feed and filtrate samples shows 
no observable colour change in either of the two carbon membrane filtered samples
Qualitative inspection of the samples after 48 hours chilling at 4°C showed no visible 
haze formation any of the filtrate samples.
3.2.2. Warm Filtration Experiments
The results from the cold filtration trials along with those from the control membrane 
at identical conditions are shown in figures 3.4. and 3.5. The flux levels achieved in 
these experiments are consistently higher than those in the cold filtration (pseudo­
steady state fluxes have increase by a factor of 2 -  3). However, the repeatability of 
the experiments is not as good and test number 11 exhibits some strange behaviour. 
The increase and then decrease in flux during pseudo-steady state can only be 
attributed to membrane damage or membrane inconsistency. The issue of membrane 
inconsistency is supported by the initial investigation into TMP (See section 3.2.1). 
In these cases, the pressure at which filtration breakthrough occurred varied from 
membrane to membrane also indicating some degree of inconsistency. It can be seen, 
however, that all o f the membrane exhibited higher fluxes than those attained with the 
‘control’ polymeric membrane.
Interpreting the data using the . V m a x  methodology (Figure 3.5.) results in similar 
problems to those encountered with the cold filtration: lack of fouling prevents 
effective determination of long-term filtration characteristics.
The PCS data (Figure 3.6.) indicate that the warmer filtration has removed even more 
of potential haze material than the cold filtration. This is in contrary to what was 
expected. From conventional theory, one would expect more potential haze to be 
removed at the lower temperatures were the haze material has been precipitated from 
solution. The material could then be removed using conventional sieving 
mechanisms. These results suggest a much more complex interaction between the 
haze material and the carbon membrane, which improved colloidal stability.^ This 
finding may also support the earlier work at Bath University in which it seemed 
excellent colloidal stability was achieved when filtering warm.
Similarly to the cold carbon membrane filtration, no colour changes or post-chill (4°C 
for 48 hrs) colloidal stability problems were observed. The polymeric filtrate sample 
had a slight reduction in colour, again probably due to residual water in the filtrate 
line.
3.2.3. Post-cold conditioning discussion
Once all of the larger particulate material had been removed (centrifugation), the 
membranes seemed to have excellent properties for the removal of both residual solid 
and potential haze materials. The was true for both cold and warm filtration where 
the sub-micron particle counts are all less than a bright, packaged sample of the same 
beer. For all conditions the fluxes attained were very good, close to, if not exceeding
suggested economically viable levels. They were all far better than the ‘control’ 
polymeric membrane.
The substantial increase in flux at high filtration temperatures could directly be 
explained by the reduction in viscosity. However, this does not explain the apparent 
reduction in potential haze that occurs simultaneously.
The average oxygen concentration in the filtrate beer for each experiment is shown in 
table 3.3. All of the values are within those recommended within a brewery so it is 
possible to confirm than conditions are similar to those found in industry. The PCS 
data also confirms that anaerobic conditions do not adversely effect haze stability.
Test Number Average O2 Content in Filtrate 
(PPb)
7 61
8 75
9 No test
10 120
11 33
12 27
Table 3.3. Average Oxygen Contents of Filtered Beer
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4. Conclusions
• The carbon membranes do not appear effective in filtering beer with a large 
amount of suspended solids and/or those that exhibit poor filtration characteristics 
with other membranes under the experimental conditions tested.
• The carbon membranes are effective in filtering rough beer, post-conditioning. 
The filtrate can be attained at high rates (>1001itre/m2.hr) with excellent removal 
of sub-micron particles that are considered to be responsible for long-term haze 
formation. This is true both at low (<5°C) and high (~18°C) temperatures and
without the presence of O2 .
.  Complex interactions between the rough beer and the carbon membrane may be 
responsible for reduction in haze forming potential when filtering. This effect is 
more pronounced at high filtration temperatures.
• The membrane sheets, when cut into smaller membrane areas appear to show 
some inconstancy in their structure and hence filtration performance.
• Higher filtration rates at higher temperatures may be due to viscosity reduction
effects.
• Vmax is an invalid tool for interpreting filtration performance with the carbon 
membranes when filtering rough beer.
• Filtration at low oxygen concentrations did not reduce the colloidal stability of the 
filtrate as been observed with some systems. ^
5. Materials and Methods
Figure 5.1 is a simplified process flow diagram of the modified stirred cell, designed 
to operate anaerobically.
Prior to filtration, the oxygen-ffee environment is achieved through passing distilled, 
deionised and de-aerated water through the system. This water is then purged using 
C 02. Beer is then transferred from the sealed keg into the filtration cell. The filtration 
temperature is controlled by maintaining the temperature of the feed and by a 
temperature controlled glycol jacket surrounding the filtration cell and filtrate
collection vessel.
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Once the beer has been transferred to the cell, the required transmembrane pressure is 
applied using pressurised CO2 from a cylinder. The length of the filtration 
investigation is fixed at 30 minutes. However, should all of the beer in the vessel 
filter within this time, then the run is also ceased. Crossflow velocity was simulated 
using a magnetically propelled agitator, suspended ~lmm from the surface of the 
membrane. The range of operating tip speed for this agitator is 0 -  1000 rpm.
After each run, the bulked filtrate is collected for particle size analysis and the 
filtration rates are analysed using data recorded from the balance. The particle size 
analysis is carried out using a Malvern Photon Correlation Spectroscope (PCS). This 
is an indicator of colloidal stability. In each case, every sample was ensured to be well 
mixed before being pre-filtered in a 5pm syringe filter. This should have no influence 
on these results as the tolerance of the membrane is greater than 5pm. All this serves 
to do is ensure that any large particles (such as dust) do not enter into the analyser. 
This would have an adverse influence on the accuracy of the spectroscope. From each 
filtrate sample and rough sample only one PCS reading was taken.
As mentioned previously the oxygen content of the filtrate beer was measured using a 
M odel 26073 Obisphere from  Obisphere Laboratories. During filtration, readings 
were taken every 2 minutes and an average O2 content of the beer attained for all of 
the test.
The bright packaged beer that was used for comparison purposes for looking at 
colloidal stability was fresh, 1 day old, canned beer taken from the same brewery as 
out feed sample. As a consequence, it is representative of the typical levels o f sub- 
micron particles (colloidal stability) achieved by their current filtration technology.
After every experimental run, the rig was thoroughly cleaned with distilled and 
deionised water and a new membrane was used in every test. The carbon membranes 
were cut, using a specially made cutter, from the membrane sheets supplied. The, 
polymeric, 0.45pm mixed esters of cellulose membranes, which were used as a 
comparison, were supplied by Millipore Membrane Suppliers.
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Abstract
Crossflow filtration has the potential to replace several stages in post-fermentation 
beer treatment and subsequently reduce the current environmental burden. 
However, after 10 years o f research the technology has yet to be accepted by the 
industry. The reason for this is the high level o f fouling caused when filtering 
beer solids and an inconsistency in the quality o f the filtered beer. It is the aim o f  
this project to understand both the mechanisms and components involved in the 
formation o f the fouling layer. This will be achieved through the simultaneous 
visualisation and filtration kinetics analysis o f the crossflow filtration o f  beer. 
Ultimately, through an in-depth understanding o f the components and 
mechanisms involved, the formation o f the fouling layer could be modified to 
give high filtration rates and excellent quality beer. This modification o f  the 
fouling layer could come either through modification o f the hydrodynamic
regime, the membrane materials or the properties o f the feed beer.
This paper outlines some o f the complex issues involved in the crossflow filtration 
o f beer. It also presents a summary o f the experimental studies to date, including 
beer filterability studies and membrane foulant identification.
Key Words: Crossflow Filtration, Beer, Visualisation, Mechanism.
Introduction
Currently the brewing process uses a number o f stages to clarify and stabilise beer 
after fermentation. The exact combination o f different stages varies from brewer to 
brewer, dependent upon the size o f the brewery and the nature o f the beer produced. 
A typical post-fermentation beer treatment chain for a large scale (~2million 
hectolitres/ annum) brewery is shown in Table 1 together with the economic and 
environmental concerns o f each stage:
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Although all stages o f post-fermentation beer treatment have environmental impacts 
the initial need for an alternative technology has been highlighted through issues 
related to kieselguhr filtration. Currently, the spent kieselguhr earth, which is 
saturated with particles and volatile organics, is not recyclable and is landfilled.
As a consequence o f this environmental burden, kieselguhr usage in the brewing 
industry has, come under considerable pressure and an alternative, cleaner, 
technology would be welcomed. Initial research has shown that this could come 
through using the CrossFlow MicroFiltration (CFMF) technology. In comparison to 
dead-end filtration, in crossflow, the process fluid passes tangentially to the direction 
o f filtration (over a membrane). As the feed is passed over the membrane's surface a 
preferential pressure driving force (trans-membrane pressure) is applied, forcing the 
fluid through the membrane. The fluid passed through the membrane is referred to 
as the permeate or filtrate. The remaining unfiltered liquid, known as the retentate, is 
re-circulated over the membranes surface. The retentate can also be referred to as the 
concentrate. The quantity o f flow through the membrane per unit area is termed the 
flux.
Apart from the direct replacement o f kieselguhr filtration by CFMF, initial research 
has shown that there may be other applications o f CFMF in post-fermentation beer 
treatment:
•  Sterile filtration o f beer thus eliminating the need for pasteurisation. CFMF 
could supersede the current heating process, which can impair beer flavour.
•  Treatment o f yeast slurries for beer recovery
• Complete replacement o f post-fermentation beer treatment systems, to include 
centrifugation.
Thus far the only area to which CFMF has been applied with a degree o f commercial 
success is in the recovery o f beer from yeast slurries. However, all other areas have 
had some success on the smaller scale. The barriers to the acceptance o f CFMF as a 
separation process for beer treatment are highlighted below:
•  Excessive fouling on the filter membrane. This results in a reduction o f flux 
below economic levels and the removal o f colour and/or flavour compounds.
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• High pumping costs for the re-circulation o f the beer around the unit.
• Unknown environmental impacts associated with the concentrated retentate and 
membrane production.
• High membrane purchase and replacement costs.
• High design costs as the crossflow unit cannot be provided “off-the-shelf’
• Problems with cleaning
-  Cost o f cleaning material
-  Duration o f cleaning period
— Membrane lifetime reduction due to repeated cleaning
_  Changes in membrane conformation and/or surface properties after 
cleaning
— Unknown environmental impacts o f waste CEP (Cleaning In Place) 
fluids
Providing these barriers can be overcome then there is no reason why CFMF cannot 
be used in the brewing industry. The technology has the potential o f both saving 
money and cutting environmental emissions.
By studying the fouling layer formation on the membrane surface this work should 
enable further understanding o f how the various molecules and particles Meract at 
the membrane surfece. This will lead to an enhanced understanding o f the fouling 
layer's development and the key components involved. The information could then 
be used to maximise permeate fluxes by breaking down or eliminating the materials 
responsible for the formation o f the fouling layer. For the technology to be highly 
successful the process should also remove the components responsible for beer 
instabilities. This may eliminate or reduce the need for the cold conditioning stage o f  
the process.
The initial objective o f this study was to attempt to identify and quantify the 
components responsible for fouling in the CFMF o f beer. Many studies have been 
carried out to analyse the components responsible for fouling* u. However, little 
work has been done in studying fouling components on membranes under CFMF 
conditions. The broad understanding is that the fouling layer consists o f three main
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species o f component; Polyphenols, Proteins and Carbohydrates. These are not the 
only components thought to be responsible (others include biological material and 
precipitated salts) but they are those thought to be o f most significance with respect 
to crossflow filtration. Descriptions o f their properties and the problems associated 
with each species are shown in Table 2:
Categories Source Previously Identified 
Components
Description of the Problems
Protein Cereal Endosperm Proline, Lysine Protein causes two separate problems in die 
CFMF of beer. Firsdy, certain proteins have a 
propensity for forming complexes with 
polymerised polyphenols and thus precipitating 
to form haze . Secondly, at the membrane 
surface there is a possibility that concentration 
polarisation may occur causing the proteins to be 
precmitated into a gel that then inhibits die beer 
flux .
Polyphenols Endemic within Mah 
and Hops.
Proanthocyanogen Polyphenol compounds in the fermented beer can 
be readily polymerised under oxidative 
conditions . These polymerised compounds 
react readily with certain protein species to form 
haze. In extreme cases polyphenols will react 
with flavour compounds in die finished beer and 
hence impair Quality1,2.
Carbohydrates Breakdown of the 
cereal cell wall Long 
chain non-fennentablc 
dextrins
Beta-Glucan, Alpha- 
Glucan, Pentosan, Mannan.
Beta-Glucan has been studied in depth as a 
problematic filter foulant in brewing. The 
propensity to foul is increased under shear 
stresses but may be inhibited by high ethanol 
concentrations. Carbohydrates have also been 
discovered within protein polyphenol complexes 
that have been precipitated as haze*"*.
Table 2: Filter Fouling Components found in Beer.
The aim o f this initial study was to attempt to confirm and quantify the presence o f  
these fouling components at the surface o f the membrane; this information w ill then 
be related to the overall filtration kinetics o f the system. These relationships w ill be 
investigated for several beer types.
This paper will report on the variation in the filtration kinetics with beer type. A  
subsequent paper will discuss the variation in chemical fouling layer compositions 
and any developing relationships.
Experimental Methodology
This work adopted the methodology developed by Esser, 197213 to evaluate filtration 
performance. The basic procedure was to pour 200ml o f process fluid into a 
Sartorius Stirred Cell filter and apply a top pressure o f CO2 . A stirrer, just above the
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membrane surface, was set at a fixed rate and the filtrate flux was measured using a 
balance linked to a chart recorder. A diagram o f the experimental apparatus is shown 
in Figure 1.
The membrane chosen for this series o f experiments was a 0.45pm Mixed Esters o f 
Cellulose membrane (Cellulose Nitrate and Cellulose Acetate), manufactured by 
Millipore. This membrane was chosen because o f its relatively inert surface charge 
characteristics. Previous stirred cell work carried out at BRI, also confirmed that the 
Mixed Esters membrane performed best when filtering beer that contained a small 
amount o f yeast and wide particle size range. ^
The approach for this initial study was to foul a small section o f membrane, remove 
this foulant and then analyse the composition o f the material recovered. Literature 
shows that membrane foulant identification studies on beer had a limited amount o f 
success. M eier  e t al, 199510, S u d a rm a m  e t a l,1996u  and O ’Shaughnessy e t al, 
199714 investigated beer foulants on the membrane surface but both could only 
identify the species within the categories described in Table 2. None o f the studies 
could quantify the amount o f each foulant on the membrane surface.
It is accepted that the Sartorius stirred cell technique represents an idealisation o f the 
hydrodynamic conditions experienced in CFMF. However, it does provide an easy 
and effective method for analysing membrane filtration. Lake, 199612, found that 
although the structure o f membrane fouling layers differed in dead-end filtration and
Process Fluid
Top Pressure CO2
Stirrer
' / / / / / / A
- Glycol Jacket (2), ~ 1 0C
Disc Membrane,
47mm diameter.
Filtrate
Balance
Figure 1: Simple diagram o f a Sartorius Stirred Cell.
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crossflow filtration, the actual composition o f thé layer was largely constant. This 
justifies the choice o f technique for these studies.
To analyse the membrane fouling layer it was first essential to develop an effective 
procedure for cleaning the membrane. Various procedures were evaluated by 
initially measuring the flux o f distilled and de-ionised water through the membrane 
and then fouling the membrane using beer 3 (See Table 3) until pseudo steady state 
had been reached. The procedure evaluated is then applied and finally the water flux 
is repeated. The final water flux is compared to the initial water flux and the 
cleaning performance o f each procedure evaluated through this comparison. In all 
experiments a trans-membrane pressure o f 10 psig (CO2) was applied, the stirred 
operated at 400-600 rpm and the temperature o f the feed was at ~1°C.
Cleaning Regime Results and Discussion
Many different cleaning regimes were evaluated involving both organic and 
inorganic solvents. The three methods shown in Figures 2, 3 and 4 are those where 
the fin al clean water flux returned within the standard deviation o f the initial clean 
water fluxes (indicated by the error bars on the Figures). O f these three methods the 
use o f an ultrasonic bath was selected for use in the foulant removal in the actual 
studies. The method was found to be simpler and quicker than the other two, algo 
enabling the containment o f all the foulant in distilled and de-ionised water. This 
water was contained within a beaker that was placed into the ultrasonic bath. No 
damage to the membrane was observed during the experiment with the ultrasonic 
bath.
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filterability Results and Discussion
Fhree beer types were chosen for the initial fouling layer investigations, a description 
) f  each and a list o f their properties are shown in Table 3. For each beer, the 
membrane filterability and fouling layer composition was assessed with and without 
the presence o f yeast. In the latter case, the yeast was removed by centrifugation for 
10 minutes at 2000 rpm.
Beer 1 Beer 2 Beer 3
Description Premium Pilot Brewed Lager Standard Pilot Brewed Lager Commercial Standard Lager
pH 4.3 ± 02 4.1 ±02 4.1 ±02
Colour f ’EBQ 13 ±2 12±2 16 ±2
Ethanol (% voL/voL) 5.0 ±02 5.1 ±02 6.4 ±02
Bitterness (BU) 16±2 21 ±2 20 ±2
Present Gravity 1.008 ±0.02 1.005 ±0.02 1.01 ±0.02
Table 3: Beer Properties
B eer  F lu x  D eca y  C urves
Figures 5, 6 and 7 show that at the technique has excellent repeatability. This is 
applicable across all beer types, with and without the presence o f yeast.
Comparing the performance o f each beer yields interesting results. Figures 1 and 3 
indicate that the filtration performance is improved in the presence o f yeast. Figure 2 x 
suggests that there is no improvement in filtration performance through the presence 
o f yeast. This variation o f results is supported by previous studies. Some authors 
state that the presence o f larger particles has an improving effect on filtration 
performance through increased scouring at the membranes surface14,15, others, as is 
the case with Beer 2, report no improvement at all16'18.
When comparing the performance across the three different beer types (in terms o f  
magnitudes o f flux). Beers 1 and 2 show a very similar filtration performance and 
Beer 3 shows an improved performance with consistently higher fluxes.
These results could be explained by any combination o f the following effects:*
* Variations in the fouling component(s) from beer to beer
* The variations cannot be attributed to viscosity as Beer 3 has the highest viscosity (highest gravity 
and ethanol concentration) and the best filterability.
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* Variations in the quantity of the specific fouling component(s) from beer to beer
• Variations in the fouling layer structure with and without the presence o f yeast.
Studies on the variation in composition the fouling layers from these three studies (to 
follow) should be able to confirm if this was due to a different foulant or just 
variations in the concentration of the same foulant. Visualisation investigation 
would determine any variation in fouling layer structure.
Despite the absence o f any foulant analysis and visualisation it is still possible to 
conclude that yeast that is not the predominant fouling component in beer filtration, 
as suggested by other authors1*11.
A vera g e  W ater F lux  A nalysis
Across all three beers there was a consistent variation between the cleaning 
performance on beers containing yeast and those without This was particularly clear 
in the cases o f beers 1 and 2 (Figures 8 and 9). With these beers, the flux returned to 
levels very similar to that before fouling when the yeast was present. In the absence 
o f yeast, the returning flux varied significantly between attaining similar or even 
better levels (Beer 1 test 5, Beer 2 test 5) to less than 40% o f the original flux (Beer 2 
test 6).* The investigations o f Beer 3 (Figure 10) did not show as" clear 
inconsistencies but in all cases the discrepancies between initial and final fluxes were 
greater in the absence o f yeast. Beer 3 also shows a much more consistent range o f  
average fluxes than beers 1 and 2. Details o f the composition o f each layer may help 
to understand why this is so.
Variations in cleaning performance with and without the presence o f yeast could be 
described by changes in the structure formed on the membrane's surface. Lake, 
199612 discovered that for similar model systems there are significant variations in 
membrane fouling structures. Visualisation studies would validate this hypothesis.
* The water fluxes and initial beer fluxes are lower for beer 1, tests 1 and 2  (Figure 5) because only de­
ionised water was use for measuring the water fluxes and not distilled and de-ionised water. This 
resulted in an initial degree o f  fouling prior to the membrane being exposed to beer.
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Even in the presence o f yeast the water fluxes still did not completely return to 
their original levels (Beer 2 tests 1-3, beer 3 tests 1-3). If the cleaning regime was 
not completely effective then these this could be explained by residual fouling 
remaining on the membrane. It is also possible that this could be explained by 
changes is the membrane morphology or chemical properties (possibly 
irreversible) when the membrane is exposed to either the beer or the cleaning 
regime. Further investigations may be required. However, for an initial 
investigation into membrane foulants, it is felt that the level o f cleaning is 
acceptable.
Conclusions
• The Sartorius stirred cell is an effective tool for measuring membrane fouling. 
All results show excellent repeatability, attaining consistent levels o f fouling.
• Cleaning methodology employed for removing the fouling layer is effective 
for these initial studies. However, new approaches may have to be considered 
to be certain that all o f the fouling component have been removed from the 
layer or to ascertain whether any irreversible fouling has occurred.
• The nature o f membrane fouling layers does vary from beer to beer.
• Without fouling layer composition and visualisation data it is only possible to 
hypothesise about the exact nature o f the interactions at the membranes 
surface.
• Yeast is not a predominant foulant in these evaluations. It may have an 
important role in the structure and thickness o f the fouling layer formed at the 
membrane surface
Future Work
• Study the relationships between fouling layer compositions, beer type and 
filtration performance (paper to follow).
e Continue to use the Sartorius stirred cell to investigate filterability and fouling 
layer composition for other beer types e.g. Ales and Stouts
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• Develop a lab scale study o f membrane filtration under the same
hydrodynamic regime as CFMF. Include in this study further foulant 
identification and membrane visualisation.
• Investigate the composition o f a concentrated slurry o f  beer solids. Compare,
on an environmental basis, the theoretical slurry disposal methods to those
currently used for kieselguhr earth.
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Abstract
Investigations are underway into the detailed mechanisms o f membrane fouling 
during the crossflow filtration o f beer. This paper discusses one tool in 
developing this understanding, quantitative analysis o f the layers formed at the 
membrane surface when filtering rough beer.
The results suggest that an effective methodology has been developed, confirming 
existing thinking that the layer is made predominately o f carbohydrate (-50%). 
Analysis shows that this is not beta-glucan. The results also show that both 
protein and polyphenol can be preferentially deposited onto the membrane 
surface, thus confirming the potential for microfiltration membranes to assist in 
beer stabilisation.
Analysis o f filtration kinetics has shown that the presence o f yeast has an impact 
on both the initial and final membrane throughputs. This is contrary to the effect 
o f yeast on filtrate particle size distribution where no observable differences were 
found.
Introduction ^
Current technology in the brewing industry uses diatomaceous earth to remove 
particles and precipitated solutes from the fermented beer. This process is both 
energy intensive (the beer is filtered at -1°C) and results in a solid waste which is 
currently sent to landfill The scale o f  the brewing industries world-wide results 
in this becoming a significant environmental burden.
Crossflow microfiltration is a technology that may be applicable to the filtration 
o f beer. With this system the beer is passes tangentially to the filtration media (a 
membrane) and a preferential diving force forces the beer through the membrane 
hence removing particulate material. The shear forces induced by tangential flow  
should theoretically limit the cake build up at the membrane surface and allow for 
longer filtration runs at higher throughputs (fluxes). Concentration gradients that 
build up at the membrane surface may also precipitate solutes within the beer. 
This would prevent them from precipitating at a later point and/or affecting beer 
colour or flavour.
The application o f crossflow microfiltration in the brewing process has been 
investigated by BRI for over ten years. During this time many papers and articles 
have been published. These cover a wide range o f areas, from the detailed
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economic analysis o f the process {Reed et al, 1989) to the systematic addition o f  
enzymes to degrade certain carbohydrate foulants {O Shaughnessy & D urosinm i-  
Etti, 1997). One specific area that has not been folly addressed at BRI is the 
mechanism by which the membrane fouling layer is formed and the components 
that are involved in this mechanism. It is believed that a study in this field could 
lead ultimately to improvements in membrane throughputs. Exact understanding 
o f the layers that are formed at the surface could also account for component 
selectivity.
Improvements in membrane throughputs could be achieved through manipulation 
o f the membrane chemistry, membrane structure, process conditions or through 
selective removal o f the identified ‘problem’ components.
It is the objective o f this article to discuss a methodology that has been developed 
to determine quantitatively the nature o f material deposits onto a membrane. It is 
proposed to use this approach in combination with other techniques, such as 
visualisation and particle size profiling, to develop an in-depth understanding o f 
membrane fouling mechanisms.
M aterial and Methods
This work adopts and develops the methodology o î E sser (1972) to evaluate 
filtration performance. The basic procedure is to pour 200ml o f process fluid into
a Sartorius filter (a stirred cell containing a disc membrane) and apply a top
pressure o f C 02. A stirrer, ~lmm from the membrane surface, moves at a fixed 
rate and the decline in filtration rate per unit membrane area (flux) is measured 
using a balance linked to a data recorder. The temperature o f the system is 
controlled using a glycol jacket surrounding the filtration cell. A diagram o f the 
experimental apparatus is shown in Figure 1.
In all experiments a trans-membrane pressure o f 10 psig (COz) was applied, the 
stirrer operated at 400-600 rpm and the temperature o f the feed was controlled at 
~1°C. These were conditions previously used at BRI in microfiltration 
experiments with the same equipment (O ’Shaughnessy & D urosinm i-E tti, 1997).
A typical commercial lager was used for the evaluation. For a comparative study 
o f the fouling layer, the beer investigated was taken from:
i). Directly post-fermentation
ii). Post fermentation and post-centrifogation
Process 
Fluid '
Stirrer
Top Pressure
Givcol Jacket
  Disc Membrane,
47mm diameter, 0.45pm
Balance
Figure 1: Simple diagram of a Sartorius Stirred Cell.
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The basic properties o f this beer are shown in Table 1.
Description Commercial Standard Lager
PH 4.1 ±0.2
Colour CEBC) 16±2
Ethanol (% volAoI.) 6.4 ±0.2
Bitterness (BU) 20 ±2
Present Gravity 1.01 ±0.02
Table Is Beer Properties
The membranes used in this series o f experiments were 0.45pm mixed esters o f  
cellulose membraries, manufactured by Millipore. These had previously been 
investigated at BRI (O 'Shaughnessy  &  D urosinm i-Etti, 1997) and showed good 
filtration performance with a range o f beers.
The initial approach for the study was to measure a clean water flux through the 
membrane using distilled and de-ionised water under the process conditions 
described. Beer was then passed through the membrane and the flux decay 
monitored using the balance. Once the flux had reached pseudo-steady state (the 
flux level at which there is no longer significant decline) the membrane was 
removed and the fouling layer cleaned off using an ultrasonic bath. From the 
bath, the material could be recovered and analysed for filter foulants.
For each investigation the effectiveness o f membrane cleaning was evaluated by a 
second clean water flux measurement. The cleaning was judged to be successful 
if  the clean water flux returned to within 1 standard deviation o f the initial water
flux.
The removed membrane fouling layer was freeze-dried for stability. Immediately 
prior to analysis, a known quantity o f this material was re-dissolved in 0.1M  
Imidizol solution and evaluated for filter foulants using the tests presented in 
Table 2
Foolant Investigated______ Analysis_Details____________ ________
Total Carbohydrate EBCT method 9.26 ^
Protein Pierce Coomassic Protein Assay, (c) Pierce
Chemical Company USA 
Polyphenol EEC4 method 9.11
Beta-Glucan* EBC4 method 8.13.1
Table 2: Analytical Methods Used
To evaluate the methodology, repeated tests were carried out using different 
batches o f the same commercial beer. For each batch, 3 repeated investigations 
were carried out on each different beer source. This made for a total o f 6 
investigations for each batch, 3 carried out using the uncentrifuged rough beer and 
3 carried out using the centrifuged rough beer. For each of these, flux decay data 
and the membrane layer compositions were evaluated . The reason for this 
approach was to give information regarding both repeatability (subsequent
+ Beta-glucan analysis was carried out on samples from Batches 1 and 2 only 
"  With the exception o f the repeat on Batch 3, discussed later
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investigations on the same batch) and reproducibility (investigations across 
different batches) o f the methodology.
Previous membrane foulant identification studies on beer have had a limited 
amount o f success. M eier et al, (1995), Sudarm ana e t al,(1996) a n d  
O  'Shaughnessy & D urosinm i-Etti, (1997) investigated beer foulants on membrane 
surfaces but could only identify the presence o f certain species. None o f the 
studies quantified the amount o f each foulant on the membrane surface.
Particle size analysis o f the feed and filtrate samples were carried out using a 
Coulter Multisizer H with a 20pm orifice tube. This will resolve the quantity and 
relative volume o f particles in the size range o f 0.5 to 15pm. The quantity o f sub- 
micron particles was determined using a Brookhaven Instruments Z e ta  P lus  
Photon Correlation Spectrometer. An average count rate from this instrument is 
represented o f both the number o f particles and the colloidal stability o f the beer.
Results and Discussion
B e e r  F lu x  D ecay  C urves
The flux decay curves for all three batches are shown in Figures 2,3,  and 4. They 
all show excellent repeatability o f the technique producing almost identical 
filtration kinetics for the repeat investigations into beer taken from the same 
source. Across all 3 batches the influence o f yeast on the filtration kinetics is both 
pronounced and consistent. Yeast increases the initial rate o f decline, but, once 
pseudo-steady state has been reached, the presence o f yeast improves the flux 
levels. This phenomenon had also been observed previously by O 'Shaughnessy  
&  D urosinm i-E tti, (1997)
A  possible explanation for this is that since the yeast particles are large (6-8 pm)  ^
in comparison to the membrane pore size (0.45 pm), they will sit on the 
membrane surface. In doing so they act as the primary filtration medium, 
preventing the gradual blocking o f the membrane pores by macromolecules 
(carbohydrates, protein/polyphenol). This may account for the differences in 
filtration kinetics observed in these experiments. Initial fast bulk fouling may 
occur in the presence o f yeast. This then prevents the macromolecules from 
forming a steady but, ultimately, more severe membrane fouling layer.
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Comparisons o f Figures 2, 3 and 4 show that the technique has excellent 
reproducibility across the batches, as the pseudo-steady state fluxes are also 
consistent with each other. This is important for this study, as it is the final 
fouling layer composition that we are interested in understanding. Significant  ^
variation in this pseudo-steady state might have indicated batch to batch variation 
in the final layers formed.
M e m b ra n e  fo u l in g  layer com positions
Figures 5 ,6  and 7 show the composition o f the membrane layers formed in each 
o f the three batches o f investigations. In Batches 1 (Figure 5) and 2 (Figure 6) the 
membrane layer compositions were evaluated for each investigation. The results 
indicate repeatability in the composition o f the layers that were formed when 
filtering beer o f the same batch and source. As a consequence, the membrane 
layers that were formed when filtering beer from Batch 3 were grouped together 
prior to analysis. This was necessary because the quantity o f material that was 
removed from each membrane was very small (dOOmg) and limited the 
analytical work possible. For instance in Batch 2 the requirement to repeat the • 
protein assay meant that there was insufficient layer remaining for the polyphenol
assay.
As a means o f comparison, in each case, the composition data from the rough beer 
is also presented.
Overall, the composition o f the membrane layer shows good reproducibility over 
the three batches. As one may expect, there is some variation but the general 
trends remain. These trends, are discussed below.
The p red o m in a n t fo u la n t o n  the m em brane surface is carbohydrate.
T h i s  i s  consistent with existing knowledge o f filter foulants. However, what
cannot be determined from these results is what particular type o f carbohydrate is
responsible for this fouling. Beta-glucan, a carbohydrate long associated with
fouling problems, was tested for. These assays were carried out on all layers and 
rough samples for Batches 1 and 2. The presence o f beta-glucan could not be 
confirmed in any o f the samples. Consequently, it was decided not to carry out 
further beta-glucan assays on the samples from Batch 3.
P ro tein  a n d  p o lypheno l are preferen tia lly  deposited  onto  the m em brane surface. 
The simultaneous preferential deposition of protein and polyphenol in Batch 1 
(Figure 5) and when yeast was not present in Batch 3 (Figure 7) strongly suggest 
that protein is being precipitated in the form of complexes. However, it is 
possible that the two components are deposited individually. Theoretically, using 
membrane technology, it should be possible to remove both soluble and insoluble 
hazes. Soluble hazes could be precipitated as the concentration gradient increases 
approaching the membrane surface. This is an effect known as ‘concentration 
polarisation’. Although from these data alone it is not possible to confirm that 
this is actually occurring, what is proved from these investigations is that 
components that are responsible for beer stability problems are definitely removed
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by a microfiltration membrane. This may be o f significance to the commercial 
application o f the technology.
There is a  la rger  q u a n tity  o f  unknown m ateria l in fo ld in g  layers fo rm e d  w hen  
y e a s t  is  p resen t.
This would strongly suggest that at least some o f the unknown components are  ^
yeast related. This may be further carbohydrate material. Material such as Chitin 
would not be included in a total carbohydrate assay using the Anthrone method.
It is also feasible that the unknown material may be yeast lipids.
Particle Size Analysis
Figures 8 and 9 show representations the particle size distribution o f the feed 
beers used in the evaluations. In the uncentrifiiged sample. Figure 9, the yeast 
present is clearly visible in the range 6 to 12pm. All the beers investigated had 
very similar distributions and these are those beers used in Batch 2.
3.0* 400
0 .0 * 4 0 0
Parttde Diameter (urn)
Figure 8: Particle size distribution o f a 
typical uncentrifiiged rough beer
Figure 9: Particle size distribution o f a 
typical centrifuged rough beer
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Figure 10: Particle size distribution o f a 
typical filtrate from uncentrifuged rough 
beer.
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Figure 11: Particle size distribution o f a 
typical filtrate from centrifuged rough 
beer.
Figures 10 and 11 are the corresponding filtrate samples from the rough beers 
shown in figures 8 and 9. Again, they are representative o f all the results attained 
in all three batches o f investigations. The interesting outcome o f this analysis is 
that when filtering the different beers the filtrate sample size distributions remain
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the same. This is contrary to what has been observed with both the filtration 
kinetics analysis and the determination o f the membrane fouling layer.
This result suggests that the quality o f the filtrate is limited only by the membrane 
characteristics (pore size, chemistry, structure etc.) and not by the nature o f the 
layer formed at membrane surface.
The lower limit o f the Multisizer analysis is approximately the same as the 
tolerance o f the membrane (0.45 pm), therefore it was necessary to study the sub- 
micron particle size to investigate this phenomena further. Table 3 gives the 
Photon Correlation Spectrometer results for the same samples. Similarly, they are 
representative o f the results on all three batches o f the beer.
These results support the suggestion that membrane quality is limited primarily by 
membranes characteristics. The filtrate sample qualities are very similar and 
show a significant reduction from the rough beers used in the trials. As suggested 
this could be due to the membrane properties or it may be an anomaly due the 
variation in membrane layers. The flux analysis and membrane composition 
suggest that the layers formed are different when filtering beer with and without 
yeast. It is possible that the same degree o f filtration performance could be 
achieved with a tight packed layer than with an larger open porous structure. If 
this were the case, then all the results observed would be constant with the same 
theory. Formation o f larger porous structures at the surface is possible given that 
the hydrodynamic forces that he layers are subjected to within the stirred cell are 
significantly lower than those found in conventional tubular membrane systems.
Regardless o f the mechanisms, both filtration systems produced beer that had a 
lower sub-micron count than the fresh commercially produced beer. This 
indicates that membrane filtration may produce beer with a greater colloidal 
stability than existing filtration techniques.
Sample Description PCS Reading 
(kCounts/sec)
Uncentrifiiged rough beer 362
Centrifuged rough beer 323
Filtrate from uncentrifiiged rough beer 9.4
Filtrate from centrifuged rough beer 10.1
1 day old canned product from brewery 11.0
Table 3: Typical PCS Data
Conclusions
These results show that the methodology developed for the removal and analysis 
o f a membrane fouling layer is both repeatable within any given batch and 
reproducible across different batches of the same beer. This is important for any 
such investigations as it is not possible to use only one batch for such 
investigations.
The presence o f yeast had a clear effect on the filtration kinetics and this 
interaction with the membrane layer will be further investigated in future work. 
This will be aided by membrane layer visualisation.
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Analysis o f the membrane fouling layers has shown that although, as expected, 
carbohydrate materials dominate the fouling, the role o f protein and polyphenol is 
very important. This could be especially true for a beer in which little beta-glucan 
and pentosan-type material remain. The preferential deposition o f these materials 
lias also confirmed that membrane filtration may have some stabilising properties.
Particle size analysis o f  both the feed and filtrate beers has shown that unlike the 
filtration kinetics or layer compositions the presence o f yeast has no effect. 
Assuming size distribution (particularly the number o f sub-micron particles) is an 
indicator o f beer quality the membrane performs equally as well as existing 
technologies regardless o f  particle loading. This could be due to either the 
filtration being dominated by membrane characteristics or a consequence o f the 
differing membrane layers. It is possible that the same filtrate quality could be 
achieved with either a large open porous structure or a short tight layer.
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Abstract
Experiments to determine fouling layer composition have been conducted on three 
different beers: i) a standard lager, ii) a commercial lager, and ill) a standard ale. Fresh 
Millipore membranes, nominal pore size 0.45 pm, were fouled by applying a 
transmembrane pressure of lOpsig at 0°C in an stirred cell. Each beer was tested both 
pre- and post-centrifugation. In each experiment, the flux decline data was obtained and 
then the fouling layer was removed using a sonicator. The fouling layers were fieeze 
dried and re-suspended in 0.1M imidizole. They were then analysed for carbohydrate, 
polyphenols and protein. Unfiltered samples of each beer, both pre- and post­
centrifugation were also analysed using the same procedure. The flux decline data show 
that the presence o f yeast enhances flux. Furthermore, the final fluxes obtained for the 
Beer 2, the commercial beer, were an order of magnitude greater than those obtained for 
the non-commercial beers. Analysis of the fouling layers reveals that for all beers 
polyphenol is present in disproportionately greater quantities than are present in the 
unfiltered beer, while carbohydrate is present in disproportionately smaller amounts. 
The data for Beers 2 and 3 also suggest that protein is present in disproportionately 
greater quantities. It is further concluded that, for all beers, the fouling layer consists o f 
both protein-polyphenol complexes and carbohydrate gels.
Keywords: membrane, microfiltration, beer, foulants.
1. Introduction
Currently, beer clarification and stabilisation (both microbiological and colloidal) is 
achieved through a combination of centrifugation, cold-maturation, diatomaceous earth 
filtration and pasteurisation. Environmental pressure on the use o f diatomaceous earth 
has forced the industry to investigate new and alternative technologies. One such 
technology, crossflow filtration, has been studied in detail for over 10 years [1,2].
Despite this, the technology has yet to become accepted by the industry. The principle 
reasons for this are:
• Excessive fouling at the membrane surface resulting in low membrane fluxes [1,3-9]
• Filtrate colloidal stability problems [1,3,7-9]
• Stripping o f essential components (colour and flavour) from the beer [1,3,7-10]
Existing research into microfiltration membrane deposits has concentrated on 
qualitative assessment methods. The deposition of protein polyphenol and ghican onto 
dead-end microfiltration membranes has been investigated [11]. The study presents a 
comparison o f membranes plugged with model fouling components to layers plugged 
with real beer. The presence o f these fouling components was confirmed qualitatively 
in the study through the use of ATRIR (Attenuated total reflectance infra-red 
spectroscopy) and SEM (scanning electron microscopy) techniques. The role o f 
carbohydrate gels in membrane fouling has been confirmed, through the use o f model 
systems[12]. Further studies suggest that carbohydrates (starch) were principally 
responsible for membrane fouling[13]. The role of carbohydrates in microfiltration 
fouling has also been confirmed in real beer systems [10,14]. The work involved dosing 
feed beers with enzymes known to digest certain carbohydrate species and then
comparing filterability with an unmodified beer. The finding o f these papers suggest 
that carbohydrates are involved in fouling the membrane layer.
Through retention analysis, it has been confirm that protein is also deposited/adsorbed 
onto membranes when filtering beer [2]. In this study quantitative data for protein 
depositions are presented, but there are no quantitative data for other possible foulants.
This aim o f this study is to quantify the amount o f carbohydrate, protein and polyphenol 
deposited onto microfiltration membranes. Data are presented here detailing the fouling 
layer composition from four different beer types, including a commercial lager and an 
ale, together with the associated flux decline data. These data are compared to data 
obtained from the analysis o f unfiltered samples o f each beer. It will be shown that the 
presence o f yeast enhances flux and that polyphenols are present in the fouling layer in 
disproportionately greater quantities than are present in unfiltered beer, while the 
reverse is true for carbohydrate. Furthermore, it is concluded that this data supports the 
supposition that, for all the beers tested, the membrane fouling layer consists o f both
2. Materials and Methods
2.1 Filtration Apparatus
All filtration experiments have been carried out using a Sartorius stirred cell, Sartorius 
model SM 165 26 (see Fig. 1). This is a dead-end filtration cell with a 200ml capacity. 
Filtration temperature is controlled by a glycol jacket which, in turn, is controlled by a 
Teche heater/circulator C858 connected to a SI Industries chiller. The temperature of 
the glycol in the jacket can be controlled to within ± 1 °C over the range o f-2  to 60°C. 
Transmembrane pressure is applied using CO2 connected, through a regulator, to the top
of the cell. The bulk contents o f the cell are mixed through the use of a magnetic 
agitator suspended ~lm m  above the filtration surface. This agitator has operating 
speeds in the range o f250 to 850 rpm, corresponding to impeller Reynolds numbers of 
between 530 and 1800.
All experiments were conducted under the same operating conditions, a transmembrane 
pressure o f 10 psig, an agitator speed 850 rpm and a filtration temperature of 0°C. For 
each run, the cell was initially charged with 200 ml o f distilled and deionised water and 
the clean water flux was established. An average value o f 11180 ± 1550 Lm'2hr‘1 was 
attained across all tests. The clean water fluxes attained with new membranes were 
reproducible. The cell was then charged with the test solution and the transmembrane 
pressure was applied for 8 minutes. The filtrate was collected into a glass beaker placed 
onto a Mettler PM2000 balance linked to a Mettler GA44 data recorder. Any remained 
beer was then carefully decanted from the cell and the fouled membrane was then 
removed.
2.2 Test Materials
Fresh Millipore disc membranes with a nominal pore size of 0.45 pm were used in all 
experiments. These membranes are made o f mixed esters of cellulose, are positively 
charged and hydrophilic. They have a diameter o f 47mm
Three different beers were investigated: i) a standard lager, BRI pilot brewery, ii) a 
standard commercial lager, and iii) a standard ale, BRI pilot brewery; the basic 
properties o f these beers are shown in Table 1. In each case, the beer was taken directly 
post-fermentation and prior to centrifugation, and stored at 0°C in a cold storage room 
Each beer had a yeast count between 2.5 x 106 cells ml"1 and 15 x 106 cells ml"1, as
determined using a Coulter Counter Multisizer II, and are typical o f yeast concentration 
post-fermentation (Blanpain and Lalande, 1997).
2.3 Removal and Analysis o f  the Fouling Layer
The fouled membrane was placed into an ultrasonic bath (L&R Unltrasonics, model 
PC3) containing distilled and deionised water at room temperature and sonicated for 5 
minutes. The membrane was then rinsed with distilled and deionised water to ensure 
complete removal o f the fouling layer and the clean water flux was then measured 
again. The resultant suspension from the ultrasonic bath was then freeze dried using an 
Edwards Modulyo freeze drier; this was to stabilise the samples prior to analysis.
Each freeze dried sample was re-suspended and dissolved into a 0.1M solution o f 
imidizole, made up with distilled and de-ionised water. They were then analysed for 3 
principle filter foulants: carbohydrate, in the form of a total carbohydrate assay using 
the Anthrone reagent based upon the EEC standard [15]; protein using the Bradford, 
Coomassie blue, method [16]; and, polyphenol using the ammonia EDTA reagents 
based upon the EBC standard [15]. Colour readings for assayed samples were made 
using a Unicam UV/Vis Spectrometer, UV2 and in the case o f the protein assays, the 
results were compared against a bovine serum albumin standardisation curve.
2.4 Analysis o f  the Beer Samples
For each Beer, a 100 ml sample was freeze dried and resuspended 0.1M imidizole in 
line with the procedure used for the fouling layer samples. These were then analysed in 
the same way for comparison.
3. Experimental Results
Each beer was tested three times, both pre- and post-centrifugation. The only exception 
was Beer 3, which was only tested twice. Centrifugation was carried out in a MSE/Fison 
Coolspin centrifuge for 20 minutes at 2000 rpm. For each run data were obtained in the 
form o f  flux decline curves and fouling layer composition.
3.1 Flux Decline Curves
The flux decline curves for each beer are presented in Figs. 2-4. In each case, flux 
declines steadily over the course o f a run and appears to approach an asymptotic value. 
For comparison, the initial fluxes for each experiment are presented in Table 2. For all 
beers, the initial flux obtained for the centrifuged samples is greater than that obtained 
for the uncentrifiiged sample, but the initial rates of flux decline appear to be similar. It 
is also noted that. Beers 1 and 3 yield similar initial fluxes, while Beer 2 yields fluxes an 
order o f  magnitude greater. This difference is reflected in the whole flux decline curve.
It is clear from Figs. 2-4 that the absence o f yeast results in lower final fluxes. For Beer 
2 there is a clear difference in the flux decline curves after 60 seconds. While for Beer 1 
the curves diverge after —150 seconds and for Beer 3 there is no clear divergence until 
-200 seconds. Although the final fluxes presented here do not represent the ultimate 
asmpytotic flux, it is clear from the data that these values are approaching the 
asymptotic flux.
3.2 Fouling Layer Composition Data
The fouling layer compositions for all beers investigated together with the compositions 
o f the raw beer are presented in Tables 3-5. With one exception, a proportion o f the 
sample analysed has remained unidentified. For Beer 1 and Beer 2 (centrifuged), the
unknown fraction is much smaller for both the fouling layer and the unfiltered beer, 
ranging between 0% and 20%. While for Beer 2 (uncentrifuged), the unknown fraction 
is between 36% and 42% in the fouling layer as compared to 17.6% in the unfiltered 
beer. Beer 3 is the most varied, with the unknown fraction ranging between 1.6% and
73.8%.
The relative proportions of the identified components for all sample are presented in 
Figs. 5-7. For Beer 1, both sets of samples (pre- and post -centrifugation) yielded 
similar results (Fig. 5). Across both sets of fouling layer samples, the proportion o f 
carbohydrate was between 89.3% and 91.8% as compared to 97.1% (pre-centrifugation) 
and 98.5% (post-centrifugation) in the unfiltered samples. The data obtained for both 
protein and polyphenols were more varied. For polyphenol, the proportion varied 
between 3.5% and 6.5%, as compared to 0.6% (pre-centrifugation) and 0.4% (post­
centrifugation) in the unfiltered samples. While for protein, the proportion ranged 
between 2.2% and 6.3% as compared to 2.3% (pre-centrifugation) and 1.2% (post­
centrifugation).
As with Beer 1, the data obtained from the uncentrifiiged and centrifuged samples o f 
Beer 2 are similar (Fig. 6). However, the carbohydrate proportion present for Beer 2 is 
less than that for Beer 1, in this case ranging between 79.1% to 84.7%, despite the fact 
that a similar proportion of carbohydrate is present in the unfiltered samples, 97.1% for 
the uncentrifiiged sample and 97.5% for the centrifuged sample. Again, as with Beer 1, 
the data obtained for polyphenols and protein are more varied. The proportion o f both 
polyphenols and protein is greater, the former varying between 6.0% and 15.6%, while 
the latter varies between 1.6% and 12.1%. As with the carbohydrate data, the unfiltered 
samples yield proportions similar to those obtained for Beer 1,0.5% (pre-
centrifugation) and 1.3% (post-centrifiigation) for polyphenols, and 2.4% (pre­
centrifugation) and 1.3% (post-centrifugation) for protein.
Overall, the data obtained from Beer 3 are the most varied (Fig. 7). The proportion o f 
the carbohydrate in the fouling layer (both pre- and post-centrifiigation) ranges from 
75.5% to 93.5% as compared to 95.5% (pre-centrifugation) and 91.6% (post­
centrifugation) in the unfiltered samples. For polyphenols, the proportion varies 
between 4.7% and 17.7% and for proteins between 1.8% and 6.8%. However, the 
unfiltered samples, do indicate a lower proportion of carbohydrate and a higher 
proportion o f protein for Beer 3. The carbohydrate proportions are 95.5% (pre­
centrifugation) and 91.6%(post-centrifugation) and the protein proportions are 4.1% 
(pre-centrifugation) and 6.9%(post-centrifugation). The proportions of polyphenols are 
similar to those observed in Beers 1 and 2,0.4% (pre-centrifugation) and 1.5% (post­
centrifugation).
4. Discussion
It is clear from the data presented that, for all o f the beers studied, carbohydrates, 
polyphenols and proteins are all present in the fouling layer. For all o f the samples 
studied for Beer 1 and Beer 2 (post-centrifugation), both fouling layers and unfiltered 
beer, over 80% o f the each sample was identified as one o f these three components. The 
unidentified fraction is attributed to the small proportion o f each sample that could not 
be re-dissolved, subsequent to freeze drying, and remained in suspension. It has been 
shown previously that freeze drying can result in rétrogradation of long chain 
carbohydrates [17]. It is considered likely that this is the case for these samples and the 
unknown fraction consists predominantly o f these components.
In the case of Beer 2 (pre-centrifugation), only -60%  of the fouling layer was 
identified, but 82.4% of the unfiltered beer was identified. I f  the unidentified fraction is 
ignored (Fig. 6), the relative composition of the fouling layers for both uncentrifiiged 
and centrifuged beers are comparable. Furthermore, as the compositions o f both the 
unfiltered beer samples are also comparable, it may be postulated that the additional 
unidentified fraction is something other than additional macromolecular fouling. The 
most obvious candidate is yeast. However, for Beer 1 there is clearly no difference in 
proportion of unidentified fraction in the fouling layer between the uncentrifiiged and 
centrifuged beer.
This discrepancy can be explained with reference to the flux decline data. For Beer 2, 
both pre- and post-centrifugation, the filtrate flux is an order o f magnitude greater than 
for Beer 1 (compare Figs. 2 and 3). This implies that the degree o f membrane fouling is 
significantly less for Beer 2 than for Beer 1. Beer 2 is a commercially produced beer 
and, although for reasons o f commercial sensitivity this cannot be confirmed, it is likely 
that it has been enzyme treated in order to remove potential filter foulants prior to 
kieselguhr filtration. Clearly, this will have the same impact on these filtration 
experiments, hence the reduced levels of fouling and higher fluxes for observed for Beer 
2. Furthermore, given that Beers 1 and 2 have similar yeast concentrations, it may be 
concluded that yeast will form a significantly greater proportion o f the fouling layer in 
the pre-centrifuged samples o f Beer 2 as opposed to Beer 1.
The data for Beer 3 presents a more complex picture. O f the material identified, there is 
proportionally more protein and less carbohydrate in the unfiltered beer than in Beers 1 
and 2. However, the proportion of protein in the identified fraction o f the fouling layer
is similar to that which was observed in Beers 1 and 2. The most striking feature of the 
data for Beer 3 is the wide variation in the unknown fraction. This may reflect a higher 
proportion o f long-chain carbohydrates, but further investigation is required.
It is clear from all o f the data presented that, in comparison to the unfiltered beer, a 
greater amount o f polyphenols and a reduced amount o f carbohydrate are present in the 
fouling layers. The data relating to Beers 1 and 2 also indicates that there is a greater 
proportion o f protein in the fouling layer as compared to unfiltered beer, although this is 
not the case for Beer 3. This observation has some significant implications with respect 
to the application o f microfiltration in the brewing industry. It is the formation o f 
protein-polyphenol complexes that cause chill haze. These data raise the possibility that 
microfiltration may be employed to selectively remove chill haze components.
Furthermore, this data also provides evidence that it is both carbohydrates and protein- 
polyphenol complexes that make up the macro-molecular fouling layer. It is accepted 
that protein-polyphenol complexes can yield inclusion compounds with carbohydrates,
5»
however it has been shown that the carbohydrates accounts for no more than 17% by 
mass [18,19] o f the complexes. In the data presented here, the carbohydrate accounts for 
greater than 80% o f the mass o f the fouling layer. This implies the existence o f 
carbohydrate gels in the fouling layer.
5. Conclusions
The flux decay curves for all beers clearly demonstrate that the presence of yeast 
enhances flux. The analysis o f  the fouling layers clearly show that carbohydates, 
proteins and polyphenols are all present. Furthermore, carbohydrates form the largest
u
proportion of the identified components, this finding is true for all beers. Comparison o f 
the composition of the fouling layers with that of the unfiltered beer reveal that 
carbohydrates are present in disproportionately lower amounts and proteins and 
polyphenols are present in disproportionately greater amounts. Finally, these findings 
suggest that both protein-polyphenol complexes and carbohydrate gels are present in the 
fouling layer.
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Table 1 : Basic Properties of the Beers Investigated
B EER 1 BEER 2 BEER 3
Description Standard Pilot Commercial Pilot Brewed
Brewed Lager Standard Lager Ale
pH 4.1 ± 0 .2 4.1 ±0 .2 4.0 ± 0 .2
Colour (°EBC) 12 ±2 1 6 ± 2 25 ± 2
Ethanol (% voL/vol.) 5.1 ± 0 .2 6.4 ±0 .2 4.0 ± 0 .2
Bitterness (BU) 21 ±2 20 ±2 25 ± 2
Present Gravity 1.005 ±0.002 1.01 ± 0.002 1.004 ±0.002
Table 2: Initial Flux Values
Beer Description Initial Flux Value (l.m ^hr1)
Beer 1, Uncentrifuged Feed 410 ±130
Beer 1, Centrifuged Feed 634 ±280
Beer 2, Uncentrifiiged Feed 4419 ±29
Beer 2, Centrifuged Feed 5422 ±157
Beer 3, Uncentrifiiged Feed 388 ±20
Beer 3, Centrifuged Feed 1825 ± 58
Table 3: Beer 1, Fouling Layer and Feed Beer Compositions
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 3 Beer 4 5 6 Beer
Carbohydrate 82.0 82.0 72.0 83.0 78.0 90.0 84.0 84.0
Protein 4.0 5.0 3.0 0.5 3.0 5.5 6.0 0.3
Polyphenol 4.0 4.0 5.0 2.0 4.0 4.5 2.0 1.0
Unknown 10.0 9.0 20.0 14.5 15.0 0.0 8.0 14.7
Table 4: Beer 2, Fouling Layer and Feed Beer Compositions
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 3 Beer 4 5 6 Beer
Carbohydrate 50.0 53.0 49.0 80.0 70.0 72.0 66.0 77.0
Protein 5.0 10.0 4.0 0.4 5.0 8.0 6.0 1.0
Polyphenol 4.0 1.0 5.0 2.0 8.0 11.0 9.0 1.0
Unknown 41.0 36.0 42.0 17.6 17.0 9.0 19.0 21.0
Table 5: Beer 3, Fouling Layer and Feed Beer Compositions
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 Beer 3 4 Beer
Carbohydrate 47.0 20.0 53.0 92.0 61.0 24.0
Protein 3.7 4.7 0.2 4.6 6.7 0.4
Polyphenol 2.1 1.8 2.3 1.8 2.8 1.8
Unknown 47.2 73.5 44.5 1.6 29.5 73.8
Figure 1: Stirred Cell Apparatus
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Figure 2: Beer 1, Flux Decay Curves
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Figure 3: Beer 2 Flux Decay Curves
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Figure 4: Beer 3 Flux Decay Curves 
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Figure 5: Beer 1, fouling layer compositions and corresponding feed beer
compositions
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Figure 6: Beer 2, fouling layer compositions and corresponding feed beer
compositions
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Figure 7: Beer 3, fouling layer compositions and corresponding feed beer
compositions
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Abstract
Crossflow filtration has the potential to replace several stages in post-fermentation 
beer treatment and subsequently reduce the current environmental burden. 
However, after 10 years of research the technology has yet to be accepted by the 
industry. The reason for this is the high level of fouling caused when filtering 
beer solids and an inconsistency in the quality of the filtered beer. It is the aim of 
this project to understand both the mechanisms and components involved in the 
formation of the fouling layer. This will be achieved through the simultaneous 
visualisation and filtration kinetics analysis of the crossflow filtration of beer. 
Ultimately, through an in-depth understanding of the components and 
mechanisms involved, the formation of the fouling layer could be modified to 
give high filtration rates and excellent quality beer. This modification of the 
fouling layer could come either through modification of the hydrodynamic 
regime, the membrane materials or the properties of the feed beer.
This paper outlines some of the complex issues involved in the crossflow filtration 
of beer. It also presents a summary of the experimental studies to date, including 
beer filterability studies and membrane foulant identification. *
Key Words: Crossflow Filtration, Beer, Visualisation, Mechanism.
Introduction
Currently the brewing process uses a number of stages to clarify and stabilise beer 
after fermentation. The exact combination of different stages varies from brewer to 
brewer, dependent upon the size of the brewery and the nature of the beer produced. 
A typical post-fermentation beer treatment chain for a large scale (~2million 
hectolitres/ annum) brewery is shown in Table 1 together with the economic and 
environmental concerns of each stage:
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Although all stages of post-fermentation beer treatment have environmental impacts 
the initial need for an alternative technology has been highlighted through issues 
related to kieselguhr filtration. Currently, the spent kieselguhr earth, which is 
saturated with particles and volatile organics, is not recyclable and is landfilled.
As a consequence of this environmental burden, kieselguhr usage in the brewing 
industry has, come under considerable pressure and an alternative, cleaner, 
technology would be welcomed. Initial research has shown that this could come 
through using the Crossflow MicroFiltration (CFMF) technology. In comparison to 
dead-end filtration, in crossflow, the process fluid passes tangentially to the direction 
of filtration (over a membrane). As the feed is passed over the membrane's surface a 
preferential pressure driving force (trans-membrane pressure) is applied, forcing the 
fluid through the membrane. The fluid passed through the membrane is referred to 
as the permeate or filtrate. The remaining unfiltered liquid, known as the retentate, is 
re-circulated over the membranes surface. The retentate can also be referred to as the 
concentrate. The quantity of flow through the membrane per unit area is termed the 
flux.
Apart from the direct replacement of kieselguhr filtration by CFMF, initial research 
has shown that there may be other applications of CFMF in post-fermentation beer 
treatment: ^
• Sterile filtration of beer thus eliminating the need for pasteurisation. CFMF 
could supersede the current heating process, which can impair beer flavour.
• Treatment of yeast slurries for beer recovery
• Complete replacement of post-fermentation beer treatment systems, to include 
centrifugation.
Thus far the only area to which CFMF has been applied with a degree of commercial 
success is in the recovery of beer from yeast slurries. However, all other areas have 
had some success on the smaller scale. The barriers to the acceptance of CFMF as a 
separation process for beer treatment are highlighted below:
• Excessive fouling on the filter membrane. This results in a reduction of flux 
below economic levels and the removal of colour and/or flavour compounds.
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• High pumping costs for the re-circulation of the beer around the unit.
• Unknown environmental impacts associated with the concentrated retentate and 
membrane production.
• High membrane purchase and replacement costs.
• High design costs as the crossflow unit cannot be provided “off-the-shelf’
• Problems with cleaning
-  Cost of cleaning material
-  Duration of cleaning period
-  Membrane lifetime reduction due to repeated cleaning
-  Changes in membrane conformation and/or surface properties after 
cleaning
-  Unknown environmental impacts of waste CIP (Cleaning In Place) 
fluids
Providing these barriers can be overcome then there is no reason why CFMF cannot 
be used in the brewing industry. The technology has the potential of both saving 
money and cutting environmental emissions.
By studying the fouling layer formation on the membrane surface this work should 
enable further understanding of how the various molecules and particles interact at 
the membrane surface. This will lead to an enhanced understanding of the fouling 
layer's development and the key components involved. The information could then 
be used to maximise permeate fluxes by breaking down or eliminating the materials 
responsible for the formation of the fouling layer. For the technology to be highly 
successful the process should also remove the components responsible for beer 
instabilities. This may eliminate or reduce the need for the cold conditioning stage of 
the process.
The initial objective of this study was to attempt to identify and quantify the 
components responsible for fouling in the CFMF of beer. Many studies have been 
carried out to analyse the components responsible for fouling1"11,14. However, little 
work has been done in studying fouling components on membranes under CFMF 
conditions. The broad understanding is that the fouling layer consists of three main
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species of component; Polyphenols, Proteins and Carbohydrates. These are not the 
only components thought to be responsible (others include biological material and 
precipitated salts) but they are those thought to be of most significance with respect 
to crossflow filtration. Descriptions of their properties and the problems associated 
with each species are shown in Table 2:
Categories Source Previously Identified 
Components
Description of the Problems
Protein Cereal Endosperm Proline, Lysine Protein causes two separate problems in the 
CFMF of beer. Firstly, certain proteins have a 
propensity for forming complexes with 
polymerised polyphenols and thus precipitating 
to form haze1,2. Secondly, at the membrane 
surface there is a possibility that concentration 
polarisation may occur causing the proteins to be 
precipitated into a gel that then inhibits the beer 
flux12.
Polyphenols Endemic within Malt 
and Hops.
Proanthocyanogen Polyphenol compounds in the fermented beer can 
be readily polymerised under oxidative 
conditions1,2. These polymerised compounds 
react readily with certain protein species to form 
haze. In extreme cases polyphenols will react 
with flavour compounds in the finished beer and 
hence impair quality1,2.
Carbohydrates Breakdown of the 
cereal cell wall. Long 
chain non-fermentable 
dextrins
Beta-Glucan, Alpha- 
Glucan, Pentosan, Mann an.
Beta-Glucan has been studied in depth as a 
problematic filter foulant in brewing. The 
propensity to foul is increased under shear 
stresses but may be inhibited by high ethanol 
concentrations. Carbohydrates have also been 
discovered within protein polyphenol complexes 
that have been precipitated as haze3"6.
Table 2: Filter Fouling Components found in Beer.
The aim of this initial study was to attempt to confirm and quantify the'presence 0f  
these fouling components at the surface of the membrane; this information will then 
be related to the overall filtration kinetics of the system. These relationships will be 
investigated for several beer types.
This paper will report on the variation in the filtration kinetics with beer type. A 
subsequent paper will discuss the variation in chemical fouling layer compositions 
and any developing relationships.
Experimental Methodology
This work adopted the methodology developed by Esser, J97213 to evaluate filtration 
performance. The basic procedure was to pour 200ml of process fluid into a 
Sartorius Stirred Cell filter and apply a top pressure of CO2 . A stirrer, just above the
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membrane surface, was set at a fixed rate and the filtrate flux was measured using a 
balance linked to a chart recorder. A diagram of the experimental apparatus is shown 
in Figure 1.
Top Pressure C02
— Glycol Jacket (SI ~1°C
■ Disc Membrane,
47mm diameter,
Filtrate
Figure 1: Simple diagram of a Sartorius Stirred Cell.
The membrane chosen for this series of experiments was a 0.45pm Mixed Esters of 
Cellulose membrane (Cellulose Nitrate and Cellulose Acetate), manufactured by 
Millipore. This membrane was chosen because of its relatively inert surface charge 
characteristics. Previous stirred cell work carried out at BRI, also confirmed that the 
Mixed Esters membrane performed best when filtering beer that contained a small 
amount of yeast and wide particle size range.
The approach for this initial study was to foul a small section of membrane, remove 
this foulant and then analyse the composition of the material recovered. Literature 
shows that membrane foulant identification studies on beer had a limited amount of 
success. M eier e t al, 199510, Sudarm ana e t a l,1996n  and O ’Shaughnessy e t al, 
199714 investigated beèr foulants on the membrane surface but both could only 
identify the species within the categories described in Table 2. None of the studies 
could quantify the amount of each foulant on the membrane surface.
It is accepted that the Sartorius stirred cell technique represents an idealisation of the 
hydrodynamic conditions experienced in CFMF. However, it does provide an easy 
and effective method for analysing membrane filtration. Lake, 199612, found that 
although the structure of membrane fouling layers differed in dead-end filtration and
Process Fluid 
Stirrer
jsr<L
(-----------------
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crossflow filtration, the actual composition of the layer was largely constant. This 
justifies the choice of technique for these studies.
To analyse the membrane fouling layer it was first essential to develop an effective 
procedure for cleaning the membrane. Various procedures were evaluated by 
initially measuring the flux of distilled and de-ionised water through the membrane 
and then fouling the membrane using beer 3 (See Table 3) until pseudo steady state 
had been reached. The procedure evaluated is then applied and finally the water flux 
is repeated. The final water flux is compared to the initial water flux and the 
cleaning performance of each procedure evaluated through this comparison. In all 
experiments a trans-membrane pressure of 10 psig (C02) was applied, the stirred 
operated at 400-600 rpm and the temperature of the feed was at ~1°C.
Cleaning Regime Results and Discussion
Many different cleaning regimes were evaluated involving both organic and 
inorganic solvents. The three methods shown in Figures 2, 3 and 4 are those where 
the final clean water flux returned within the standard deviation of the initial clean 
water fluxes (indicated by the error bars on the Figures). Of these three methods the 
use of an ultrasonic bath was selected for use in the foulant removal in the actual 
studies. The method was found to be simpler and quicker than the othe& two, also 
enabling the containment of all the foulant in distilled and de-ionised water. This 
water was contained within a beaker that was placed into the ultrasonic bath. No 
damage to the membrane was observed during the experiment with the ultrasonic 
bath.
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Filterability Results and Discussion
Three beer types were chosen for the initial fouling layer investigations, a description 
of each and a list of their properties are shown in Table 3. For each beer, the 
membrane filterability and fouling layer composition was assessed with arid without 
the presence of yeast. In the latter case, the yeast was removed by centrifugation for 
10 minutes at 2000 rpm.
Beer 1 Beer 2 Beer 3
Description Premium Pilot Brewed Lager Standard Pilot Brewed Lager Commercial Standard Lager
pH 4.3 ±0.2 4.1 ±0.2 4.1 ±0.2
Colour (°EBC) 13 + 2 12±2 16±2
Ethanol (% vol/vol.) 5.0 ±0.2 5.1 ±0.2 6.4 ±0.2
Bitterness (BU) 16±2 21 ± 2 20 ± 2
Present Gravity 1.008 ±0.02 1.005 ±0.02 1.01 ±0.02
Table 3: Beer Properties
Beer Flux Decay Curves
Figures 5, 6 and 7 show that at the technique has excellent repeatability. This is 
applicable across all beer types, with and without the presence of yeast.
Comparing the performance of each beer yields interesting results. Figures 1 and 3 
indicate that the filtration performance is improved in the presence of yeast. Figure 2 
suggests that there is no improvement in filtration performance through the presence 
of yeast. This variation of results is supported by previous studies. Some authors 
state that the presence of larger particles has an improving effect on filtration 
performance through increased scouring at the membranes surface14,15, others, as is 
the case with Beer 2, report no improvement at all16'18.
When comparing the performance across the three different beer types (in terms of 
magnitudes of flux), Beers 1 and 2 show a very similar filtration performance and 
Beer 3 shows an improved performance with consistently higher fluxes.
These results could be explained by any combination of the following effects:*
• Variations in the fouling component(s) from beer to beer
* The variations cannot be attributed to viscosity as Beer 3 has the highest viscosity (highest gravity 
and ethanol concentration) and the best filterability.
EngD in Environmental Technology
Conference 1998 -  Visualisation o f the Fouling by Beer Solids on Crossflow Filters
• Variations in the quantity of the specific fouling component(s) from beer to beer
• Variations in the fouling layer structure with and without the presence of yeast.
Studies on the variation in composition the fouling layers from these three studies (to 
follow) should be able to confirm if this was due to a different foulant or just 
variations in the concentration of the same foulant. Visualisation investigation 
would determine any variation in fouling layer structure.
Despite the absence of any foulant analysis and visualisation it is still possible to 
conclude that yeast that is not the predominant fouling component in beer filtration, 
as suggested by other authorsM1.
A verage W ater F lux A na lysis
Across all three beers there was a consistent variation between the cleaning 
performance on beers containing yeast and those without. This was particularly clear 
in the cases of beers 1 and 2 (Figures 8 and 9). With these beers, the flux returned to 
levels very similar to that before fouling when the yeast was present. In the absence 
of yeast, the returning flux varied significantly between attaining similar or even 
better levels (Beer 1 test 5, Beer 2 test 5) to less than 40% of the original flux (Beer 2 
test 6).* The investigations of Beer 3 (Figure 10) did not show as clear 
inconsistencies but in all cases the discrepancies between initial and final fluxes weîe 
greater in the absence of yeast. Beer 3 also shows a much more consistent range of 
average fluxes than beers 1 and 2. Details of the composition of each layer may help 
to understand why this is so.
Variations in cleaning performance with and without the presence of yeast could be 
described by changes in the structure formed on the membrane's surface. Lake, 
199612 discovered that for similar model systems there are significant variations in 
membrane fouling structures. Visualisation studies would validate this hypothesis.
• The water fluxes and initial beer fluxes are lower for beer 1, tests 1 and 2 (Figure 5) because only de­
ionised water was use for measuring the water fluxes and not distilled and de-ionised water. This 
resulted in an initial degree of fouling prior to the membrane being exposed to beer.
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Even in the presence of yeast the water fluxes still did not completely return to their 
original levels (Beer 2 tests 1-3, beer 3 tests 1-3). If the cleaning regime was not 
completely effective then these this could be explained by residual fouling remaining 
on the membrane. It is also possible that this could be explained by changes is the 
membrane morphology or chemical properties (possibly irreversible) when the 
membrane is exposed to either the beer or the cleaning regime. Further 
investigations may be required. However, for an initial investigation into membrane 
foulants, it is felt that the level of cleaning is acceptable.
Conclusions
• The Sartorius stirred cell is an effective tool for measuring membrane fouling. 
All results show excellent repeatability, attaining consistent levels of fouling.
• Cleaning methodology employed for removing the fouling layer is effective for 
these initial studies. However, new approaches may have to be considered to be 
certain that all of the fouling component have been removed from the layer or to 
ascertain whether any irreversible fouling has occurred.
• The nature of membrane fouling layers does vary from beer to beer.
• Without fouling layer composition and visualisation data it is only possible to 
hypothesise about the exact nature of the interactions at the membranes surface.
• Yeast is not a predominant foulant in these evaluations. It may have an important 
role in the structure and thickness of the fouling layer formed at the membrane 
surface
Future Work
• Study the relationships between fouling layer compositions, beer type and 
filtration performance (paper to follow).
• Continue to use the Sartorius stirred cell to investigate filterability and fouling 
layer composition for other beer types e.g. Ales and Stouts
• Develop a lab scale study of membrane filtration under the same hydrodynamic 
regime as CFMF. Include in this study further foulant identification and 
membrane visualisation.
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• Investigate the composition of a concentrated slurry of beer solids. Compare, on 
an environmental basis, the theoretical slurry disposal methods to those currently 
used for kieselguhr earth.
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Abstract
Investigations are underway into the detailed mechanisms of membrane fouling 
during the crossflow filtration of beer. This paper discusses one tool in 
developing this understanding, quantitative analysis of the layers formed at the 
membrane surface when filtering rough beer.
The results suggest that an effective methodology has been developed, co nfirm ing  
existing thinking that the layer is made predominately of carbohydrate (-50%). 
Analysis shows that this is not beta-glucan. The results also show that both 
protein and polyphenol can be preferentially deposited onto the membrane 
surface, thus confirming the potential for microfiltration membranes to assist in 
beer stabilisation.
Analysis of filtration kinetics has shown that the presence of yeast has an impact 
on both the initial and final membrane throughputs. This is contrary to the effect 
of yeast on filtrate particle size distribution where no observable differences were 
found.
Introduction
Current technology in the brewing industry uses diatomaceous earth to remove 
particles and precipitated solutes from the fermented beer. This process is both 
energy intensive (the beer is filtered at -1°C) and results in a solid waste which is 
currently sent to landfill. The scale of the brewing industries world-wide results 
in this becoming a significant environmental burden.
Crossflow microfiltration is a technology that may be applicable to the filtration 
of beer. With this system the beer is passes tangentially to the filtration media (a 
membrane) and a preferential diving force forces the beer through the membrane 
hence removing particulate material. The shear forces induced by tangential flow 
should theoretically limit the cake build up at the membrane surface and allow for 
longer filtration runs at higher throughputs (fluxes). Concentration gradients that 
build up at the membrane surface may also precipitate solutes within the beer. 
This would prevent them from precipitating at a later point and/or affecting beer 
colour or flavour.
The application of crossflow microfiltration in the brewing process has been 
investigated by BRI for over ten years. During this time many papers and articles 
have been published. These cover a wide range of areas, from the detailed
economic analysis of the process {Reed et al, 1989) to the systematic addition of 
enzymes to degrade certain carbohydrate foulants {O’Shaughnessy & Durosinmi- 
Etti, 1997). One specific area that has not been fully addressed at BRI is the 
mechanism by which the membrane fouling layer is formed and the components 
that are involved in this mechanism. It is believed that a study in this field could 
lead ultimately to improvements in membrane throughputs. Exact understanding 
of the layers that are formed at the surface could also account for component 
selectivity.
Improvements in membrane throughputs could be achieved through manipulation 
of the membrane chemistry, membrane structure, process conditions or through 
selective removal of the identified ‘problem’ components.
It is the objective of this article to discuss a methodology that has been developed 
to determine quantitatively the nature of material deposits onto a membrane. It is 
proposed to use this approach in combination with other techniques, such as 
visualisation and particle size profiling, to develop an in-depth understanding of 
membrane fouling mechanisms.
Material and Methods
This work adopts and develops the methodology of Esser (1972) to evaluate 
filtration performance. The basic procedure is to pour 200ml of process fluid into 
a Sartorius filter (a stirred cell containing a disc membrane) and apply a top 
pressure of C02. A stirrer, ~lmm from the membrane surface, moves at a fixed 
rate and the decline in filtration rate per unit membrane area (flux) is measured 
using a balance linked to a data recorder. The temperature of the system is 
controlled using a glycol jacket surrounding the filtration cell. A diagram of the 
experimental apparatus is shown in Figure 1.
Fluid
Stirrer
1------
Top Pressure 
Glycol Jacket
Disc Membrane,
47mm diameter, 0.45pm
Filtrate
Balance
Figure 1: Simple diagram of a Sartorius Stirred Cell.
In all experiments a trans-membrane pressure of 10 psig (CO2) was applied, the 
stirrer operated at 400-600 rpm and the temperature of the feed was controlled at 
~1°C. These were conditions previously used at BRI in microfiltration 
experiments with the same equipment (O’Shaughnessy & Durosinmi-Etti, 1997).
A  typical commercial lager was used for the evaluation. For a comparative study 
of the fouling layer, the beer investigated was taken from:
i). Directly post-fermentation
ii). Post fermentation and post-centrifugation
The basic properties of this beer are shown in Table 1.
Description Commercial Standard Lager
PH 4.1 ±0.2
Colour (°EBC) 16±2
Ethanol (% vol./vol.) 6.4 ±0.2
Bitterness (BU) 20 ± 2
Present Gravity 1.01 ±0.02
Table 1: Beer Properties
The membranes used in this series of experiments were 0.45pm mixed esters of 
cellulose membranes, manufactured by Millipore. These had previously been 
investigated at BRI {O ’Shaughnessy & Durosinmi-Etti, 1997) and showed good 
filtration performance with a range of beers.
The initial approach for the study was to measure a clean water flux through the 
membrane using distilled and de-ionised water under the process conditions 
described. Beer was then passed through the membrane and the flux decay 
monitored using the balance. Once the flux had reached pseudo-steady state (the 
flux level at which there is no longer significant decline) the membrane was 
removed and the fouling layer cleaned off using an ultrasonic bath. From the 
bath, the material could be recovered and analysed for filter foulants.
For each investigation the effectiveness of membrane cleaning was evaluated by a 
second clean water flux measurement. The cleaning was judged to be successful 
if the clean water flux returned to within 1 standard deviation of the initial water 
flux.
The removed membrane fouling layer was ffeeze-dried for stability. Immediately 
prior to analysis, a known quantity of this material was re-dissolved in 0.1M 
Imidizol solution and evaluated for filter foulants using the tests pfesented in 
Table 2
Foulant Investigated Analysis Details
Total Carbohydrate EBC4 method 9.26
Protein Pierce Coomassie Protein Assay, (c) Pierce
Chemical Company USA
Polyphenol EBC* method 9.11
Beta-Glucan+ EBC4 method 8.13.1
Table 2: Analytical Methods Used
To evaluate the methodology, repeated tests were carried out using different 
batches of the same commercial beer. For each batch, 3 repeated investigations 
were carried out on each different beer source. This made for a total of 6 
investigations for each batch, 3 carried out using the uncentrifuged rough beer and 
3 carried out using the centrifuged rough beer. For each of these, flux decay data 
and the membrane layer compositions were evaluated**. The reason for this
* Based upon repeat tests using identical membranes and identical -water supplies
+ Beta-glucan analysis was carried out on samples from Batches I and 2 only 
With the exception o f  the repeat on Batch 3, discussed later
approach was to give information regarding both repeatability (subsequent 
investigations on the same batch) and reproducibility (investigations across 
different batches) of the methodology.
Previous membrane foulant identification studies on beer have had a limited 
amount of success. Meier et al, (1995), Sudarmana et al,(1996) and 
OShaughnessy & Durosinmi-Etti, (1997) investigated beer foulants on membrane 
surfaces but could only identify the presence of certain species. None of the 
studies quantified the amount of each foulant on the membrane surface.
Particle size analysis of the feed and filtrate samples were carried out using a 
Coulter Multisizer II with a 20pm orifice tube. This will resolve the quantity and 
relative volume of particles in the size range of 0.5 to 15pm. The quantity of sub­
micron particles was determined using a Brookhaven Instruments Zeta Plus 
Photon Correlation Spectrometer. An average count rate from this instrument is 
represented of both the number of particles and the colloidal stability of the beer.
Results and Discussion
B eer F lu x  D ecay Curves
The flux decay curves for all three batches are shown in Figures 2, 3, and 4. They 
all show excellent repeatability of the technique producing almost identical 
filtration kinetics for the repeat investigations into beer taken from the same 
source. Across all 3 batches the influence of yeast on the filtration kinetics is both 
pronounced and consistent. Yeast increases the initial rate of decline, but, once 
pseudo-steady state has been reached, the presence of yeast improves the flux 
levels. This phenomenon had also been observed previously by O ’Shaughnessy 
& Durosinmi-Etti, (1997)
A  possible explanation for this is that since the yeast particles are large (6-8 pm) 6* 
in comparison to the membrane pore size (0.45 pm), they will sit on the 
membrane surface. In doing so they act as the primary filtration medium, 
preventing the gradual blocking of the membrane pores by macromolecules 
(carbohydrates, protein/polyphenol). This may account for the differences in 
filtration kinetics observed in these experiments. Initial fast bulk fouling may 
occur in the presence of yeast. This then prevents the macromolecules from 
forming a steady but, ultimately, more severe membrane fouling layer.
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Comparisons of Figures 2, 3 and 4 show that the technique has excellent 
reproducibility across the batches, as the pseudo-steady state fluxes are also 
consistent with each other. This is important for this study, as it is the final 
fouling layer composition that we are interested in understanding. Significant 
variation in this pseudo-steady state might have indicated batch to batch variation 
in the final layers formed.
M em b ra n e  fo u l in g  layer com positions
Figures 5, 6 and 7 show the composition of the membrane layers formed in each 
of the three batches of investigations. In Batches 1 (Figure 5) and 2 (Figure 6) the 
membrane layer compositions were evaluated for each investigation. The results 
indicate repeatability in the composition of the layers that were formed when 
filtering beer of the same batch and source. As a consequence, the membrane 
layers that were formed when filtering beer from Batch 3 were grouped together 
prior to analysis. This was necessary because the quantity of material that was 
removed from each membrane was very small (<100mg) and limited the 
analytical work possible. For instance in Batch 2 the requirement to repeat the 
protein assay meant that there was insufficient layer remaining for the polyphenol 
assay.
As a means of comparison, in each case, the composition data from the rough beer 
is also presented.
Overall, the composition of the membrane layer shows good reproducibility over 
the three batches. As one may expect, there is some variation but the general 
trends remain. These trends, are discussed below:
The predominant foulant on the membrane surface is carbohydrate.
This is consistent with existing knowledge of filter foulants. However, what5* 
cannot be determined from these results is what particular type of carbohydrate is 
responsible for this fouling. Beta-glucan, a carbohydrate long associated with 
fouling problems, was tested for. These assays were carried out on all layers and 
rough samples for Batches 1 and 2. The presence of beta-glucan could not be 
confirmed in any of the samples. Consequently, it was decided not to carry out 
further beta-glucan assays on the samples from Batch 3.
Protein and polyphenol are preferentially deposited onto the membrane surface.
The simultaneous preferential deposition of protein and polyphenol in Batch 1 
(Figure 5) and when yeast was not present in Batch 3 (Figure 7) strongly suggest 
that protein is being precipitated in the form of complexes. However, it is 
possible that the two components are deposited individually. Theoretically, using 
membrane technology, it should be possible to remove both soluble and insoluble 
hazes. Soluble hazes could be precipitated as the concentration gradient increases 
approaching the membrane surface. This is an effect known as ‘concentration 
polarisation’. Although from these data alone it is not possible to confirm that 
this is actually occurring, what is proved from these investigations is that 
components that are responsible for beer stability problems are definitely removed
by a microfiltration membrane. This may be of significance to the commercial 
application of the technology.
There is a larger quantity o f unknown material in fouling layers formed when 
yeast is present.
This would strongly suggest that at least some of the unknown components are 
yeast related. This may be further carbohydrate material. Material such as Chitin 
would not be included in a total carbohydrate assay using the Anthrone method. 
It is also feasible that the unknown material may be yeast lipids. .
P article S ize  A na lysis
Figures 8 and 9 show representations the particle size distribution of the feed 
beers used in the evaluations. In the uncentrifuged sample, Figure 9, the yeast 
present is clearly visible in the range 6 to 12pm. All the beers investigated had 
very similar distributions and these are those beers used in Batch 2.
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Figure 8: Particle size distribution of a 
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Figures 10 and 11 are the corresponding filtrate samples from the rough beers 
shown in figures 8 and 9. Again, they are representative of all the results attained 
in all three batches of investigations. The interesting outcome of this analysis is 
that when filtering the different beers the filtrate sample size distributions remain
the same. This is contrary to what has been observed with both the filtration 
kinetics analysis and the determination of the membrane fouling layer.
This result suggests that the quality of the filtrate is limited only by the membrane 
characteristics (pore size, chemistry, structure etc.) and not by the nature of the 
layer formed at membrane surface.
The lower limit of the Multisizer analysis is approximately the same as the 
tolerance of the membrane (0.45pm), therefore it was necessary to study the sub­
micron particle size to investigate this phenomena further. Table 3 gives the 
Photon Correlation Spectrometer results for the same samples. Similarly, they are 
representative of the results on all three batches of the beer.
These results support the suggestion that membrane quality is limited primarily by 
membranes characteristics. The filtrate sample qualities are very similar and 
show a significant reduction from the rough beers used in the trials. As suggested 
this could be due to the membrane properties or it may be an anomaly due the 
variation in membrane layers. The flux analysis and membrane composition 
suggest that the layers formed are different when filtering beer with and without 
yeast. It is possible that the same degree of filtration performance could be 
achieved with a tight packed layer than with an larger open porous structure. If 
this were the case, then all the results observed would be constant with the same 
theory. Formation of larger porous structures at the surface is possible given that 
the hydrodynamic forces that he layers are subjected to within the stirred cell are 
significantly lower than those found in conventional tubular membrane systems.
Regardless of the mechanisms, both filtration systems produced beer that had a 
lower sub-micron count than the fresh commercially produced beer. This 
indicates that membrane filtration may produce beer with a greater colloidal 
stability than existing filtration techniques.
Sample Description PCS Reading 
(kCounts/sec)
Uncentrifuged rough beer 36.2
Centrifuged rough beer 32.3
Filtrate from uncentrifuged rough beer 9.4
Filtrate from centrifuged rough beer 10.1
1 day old canned product from brewery 11.0
Table 3: Typical PCS Data
Conclusions
These results show that the methodology developed for the removal and analysis 
of a membrane fouling layer is both repeatable within any given batch and 
reproducible across different batches of the same beer. This is important for any 
such investigations as it is not possible to use only one batch for such 
investigations.
The presence of yeast had a clear effect on the filtration kinetics and this 
interaction with the membrane layer will be further investigated in future work. 
This will be aided by membrane layer visualisation.
Analysis of the membrane fouling layers has shown that although, as expected, 
carbohydrate materials dominate the fouling, the role of protein and polyphenol is 
very important. This could be especially true for a beer in which little beta-glucan 
and pentosan-type material remain. The preferential deposition of these materials 
has also confirmed that membrane filtration may have some stabilising properties.
Particle size analysis of both the feed and filtrate beers has shown that unlike the 
filtration kinetics or layer compositions the presence of yeast has no effect. 
Assuming size distribution (particularly the number of sub-micron particles) is an 
indicator of beer quality the membrane performs equally as well as existing 
technologies regardless of particle loading. This could be due to either the 
filtration being dominated by membrane characteristics or a consequence of the 
differing membrane layers. It is possible that the same filtrate quality could be 
achieved with either a large open porous structure or a short tight layer.
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Abstract
The use of membrane filters to clarify and stabilise beer has been investigated by the 
brewing industry for over fifteen years. The principle barrier to the acceptance of the 
technology is low filtration rates. This is thought to be caused by particulate and 
macromolecular fouling in the membrane pores or on the membrane surface. If these 
fouling ‘layers’, and the mechanism of their formation, were understood then preventative 
measures could be employed. These would increase filtration rates and prolong times 
between cleaning cycles.
The driving force behind the investigation of this new technology is an environmental 
burden resulting from the current filtration practices. The current filtration processes 
use a diatomaceous earth to remove particles and macromolecules from the beer. Once 
the earth has been saturated with these materials it can no longer be used and is usually 
then disposed of to landfill. At the moment, recycling of this material is neither 
economically or environmentally attractive.
The paper presents preliminary results from a novel investigation, studying membrane 
fouling in a constant flux mode of operation. It outlines the methodologies and 5* 
apparatus developed. The influences of two principal operating parameters, flux and 
crossflow velocity are discussed. Issues regarding the reproducibility of the 
methodologies when filtering the same beer are also discussed in detail. Results 
presented suggest that two distinct phases of membrane fouling may be occurring. One 
is relating to in-pore deposition and the other relating to surface deposition.
Keywords: Crossflow, Microfiltration, Beer, Constant Flux, Mechanisms
1. Introduction
Current technology in the brewing industry uses diatomaceous earth (kieselguhr) to remove 
particles and precipitated solutes from the fermented beer. This process impacts on the 
environment in two principle ways. Firstly, the beer is filtered at -1°C, therefore consuming 
large amounts of energy. Secondly, there are no economical or environmentally viable 
recycling options for the spent earth and currently it is sent to landfill. The scale of the 
brewing industry results in this becoming a significant environmental burden. In 1992, 
656,000 to 765,000 tonnes of saturated kieselguhr sludge were produced by breweries 
worldwide [1]. Since this time, beer production has risen by -15% [2] without a viable 
alternative for the existing technology being found nor the discovery of a suitable use for the 
waste product. It is also worth noting that the majority of the expansion in brewing capacity
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has occurred in the developing world [2] were environmental considerations are likely to be 
lower on the brewers’ agendas.
Crossflow microfiltration is one technology that may be applicable for the filtration of beer. 
In this system, beer is passed tangentially to the filtration media (a membrane) and a 
preferential diving force forces the beer through the membrane, removing particulate material. 
The shear forces induced by tangential flow should then theoretically limit the cake build up 
at the membrane surface and allow for longer filtration runs at higher throughputs (fluxes). 
Concentration gradients that build up at the membrane surface may also precipitate solutes 
within the beer. This may be desirable as such components may precipitate later in the beer’s 
life. This would effect the quality and shelf life of the final product. However, solute 
precipitation at the membrane surface may form 'gel-type’ layers [3-10] that could equally 
strip out some essential colour or flavour components from the beer.
The application of crossflow microfiltration in the brewing industry has been investigated at 
BRI for over fifteen years. One specific area that has not been fully addressed at BRI is the 
detail of the mechanism by which the membrane fouling layer is formed and the components 
that are involved in this mechanism. It is believed that a study in this field could lead 
ultimately to improvements in membrane throughputs. Exact understanding of the layers that 
are formed at the surface could also account for component selectivity [3-10]. These 
improvements in membrane throughputs could be achieved through manipulation of the 
membrane chemistry, membrane structure, and process conditions or through selective 
removal of the identified ‘problem’ components. It is these improvements in throughputs, 
whilst maintaining product quality, which are required to enable the process to compete 
economically with diatomaceous earth (kieselguhr) filtration. Alternatively, the economic 
balance may be shifted through legislative measures such as a specific landfill tax [1, 11-13]. 
If this proves to be the case, understanding of the fouling mechanism may still lead to an 
improvement in environmental performance within the industry. This could be achieved via 
optimisation of existing cleaning cycles or through the development of brewery specific 
membrane materials.
Investigations to-date [14] have been successful in quantifying the materials deposited onto 
the membrane and have gained some insight into the fouling behaviour of different beers 
when filtering at constant pressure. However the apparatus used was limited by the 
hydrodynamic regime it could produce. The equipment was essentially operated in a ‘dead­
end’ mode with tangential flow simulated by shear induced by an agitator positioned very 
close to the surface of the membrane (-1mm). Although effective for the development of the 
required analytical tools, the authors accepted that the hydrodynamic regime was limited. To 
facilitate true understanding of the crossflow filtration technology it was essential to develop a 
rig that would enable small-scale evaluation of membranes and fouling mechanisms under 
true crossflow hydrodynamics. This rig should be able to mimic the conditions of 
conventional units whilst also enabling the fouling dynamics to be studied, the fouling layers 
to be chemically analysed and membrane foulants to be visualised.
This paper details such apparatus and includes preliminary results from a larger study looking 
at the fouling kinetics when operating in a constant flux mode of operation. Operating at 
constant flux involves fixing the feed pressure, crossflow velocity and filtrate withdraw rate 
(flux). Filtration kinetics can then be monitored as the variation in TransMembrane Pressure 
(TMP) with time. This mode of operation has been investigated for other systems, but few 
detailed investigations have been carried out using beer. It offers two main advantages over 
conventional, constant TMP systems. Firstly, the low, constant, fluxes result in an avoidance 
of the initial high flux, high fouling, regime which can foul the membrane severely, beyond
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the point at which it can be influenced by the shear created by the tangential flow. In 
conventional systems, this high fouling regime is thought to be responsible for the low final 
steady state fluxes observed. Secondly, the level of fouling on (or inside) the membrane can 
be controlled very well. This is of more importance for this project as control of fouling rates 
will be essential to examine the fouling mechanisms in detail. Using this technique it may be 
possible to investigate critical steps in the fouling process.
2. Materials and Methods
2.1. ‘Pod ’ Membrane Module
The basis of the ‘Pod’ membrane module is to enable commercially available, circular, 
membranes to be mounted in a crossflow channel so that conventional crossflow 
hydrodynamics can be accurately mimicked. These circular membranes are available, at 
reasonable costs, from a range of suppliers, can be made from a range of materials and are 
available in a range of pore sizes. Figure 2.1. is a diagram of the ‘Pod’ membrane module. It 
indicates how the membranes are supported and sealed in a flat block of nylon.
43 mm diameter hole with 
1 x 2mm lip for membrane seal
^ ______ 0.45pm polymeric membrane
47mm diameter
 < Glass fibre support
 <------ —  Filtrate distribution disc
 <----------‘O’ ring seal
 < Filtrate coflection ‘pod’
Figure 2.1.: ‘Pod’ membrane module design
Three separate membranes were used to provide sufficient membrane area for accurate 
control of the flux (or flux measurement should constant TMP operation be required). In 
addition, it has been shown that at least two membrane areas are required to provide enough 
fouling layer material for quantitative foulant analysis [14]. The third membrane area is 
proposed to be used for ex-situ visualisation of the fouled layer using a cryogenic Scanning 
Electron Microscope (SEM).
The flow channel for the process fluid is created by placing a corresponding block of nylon on 
top of the sealed membrane block. In this solid piece, a flow channel, 100mm wide and 3mm 
high, has been machined. The overall length of the module is 500mm. This includes an inlet 
channel length o f -50 mean diameters (200mm) to allow for flow development and an outlet
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length o f -25 mean diameters (100mm) to minimise the impact of outlet conditions on the 
flow dynamics. The membranes are mounted as close to one another as possible so to 
minimise the influence of TMP variations caused by pressure drop along the flow channel.
The two nylon blocks are bolted together and end-capped. The seals are made using 1mm 
thick neoprene gaskets. Where appropriate these are recessed in the body of the module.
Variations in the particle and macromolecule concentrations in the feed as it passes over the 
three separate membrane areas are assumed insignificant. This is because the rate at which 
filtrate is passing through the membrane is small in comparison to the rate of retentate/feed re­
circulation through the channel (60 to 600 litres hr'1 compared to 0.1 to 0.5 litres hr"1).
Provided significant quantities of filtrate are not removed is it also assumed that the overall 
particulate and macromolecule concentration remains constant during any one test. In these 
data presented, the ratio of filtrate to retentate is typically 1:250.
In all experiments, the membranes used were Millipore, mixed esters of cellulose membranes 
with a nominal pore size of 0.45pm. These had been used in previous experiments [14] and 
had been shown to be effective in beer filtration [4]. These membranes were backed with an 
inert glass fibre filter of nominal pore size 2.7pm. This glass fibre filter prevented 
compaction of the membrane onto the distribution and support plate (As shown in Figure
2.1.). Their pore size was significantly different to that of the polymeric membrane. Any 
potential sealing problems would be rapidly noted when analysing the particle size 
distribution of the filtrate beer.
New membranes were used in each test.
2.2. Crossflow  M em brane R ig
All experiments were carried out using the ‘pod’ membrane module as shown in Figure 2.1., 
in the experimental rig shown in Figure 2.2.  ^ .
The experimental rig was set up to operate in a constant flux mode of operation, with fluxes 
fixed at the required level based upon a water calibration of the variable pump speed. The 
pump used for the drawing of the filtrate was a Watson-Marlow, RH Flow Inducer, type 
MHRE-200 (Peristaltic) with 1.6mm bore, 1.6mm wall thickness platinum re-enforced 
silicone tubing (Watson-Marlow). The actual fluxes were confirmed with a glass tube flow 
meter (Platon, 2 to 25 ml min"1). The readings on this flow meter corresponded to membrane 
fluxes over the approximate range of 25 to 300 litres m"2 hr"1. At high transmembrane 
pressures (Low permeate pressure) the flux was maintained by slightly increasing the pump 
speed.
Feed beer was re-circulated over the membranes surface using a Hilge (Type HYGIA- 
SUPER-T/25A) centrifugal pump rated at 2 n^hr'1 and 2 barg. Flow rate entering the module 
was measured using a Burkert flow meter, type ST30/00030 connected to a digital display. 
Both the total flow and feed pressure could be controlled accurately through a combination of 
the speed control of the centrifugal pump via an inverter and by applying a back-pressure to 
the re-circulation loop using a control valve. Temperature was measured at the inlet to the 
module using a Type-K thermocouple linked to a CLR9000 temperature controller. This 
controller regulated flow of the glycol to the heat exchanger using the on-off control of a 
solenoid valve. Glycol was obtained directly from the pilot brewery supply at BRI and had a 
temperature of -3°C and feed pressure of 1.8 barg. The module inlet and outlet pressures
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were monitored with 0-86 psig ( 0 - 6  barg) WIKA pressure gauges. Permeate pressure was 
measured and logged using a 0-100 psig (0-6 barg) pressure transducer connected to a VIPS 
data collection pod and software. Permeate pressure readings were collected every 10 
seconds during filtration. Permeate pressure was corrected for pipe losses prior to 
determination of the actual TMP.
Retentate sample 
point
To
drain
Control
valve Heat
exchangers
I----
Membrane
Module —^PI^ ~ — — — 
■ ©
Feed
pump Feed sample 
point
CIP
Tank
Beer in
Filtrate
pumpFiltrate Sample 
PointFeed
Vessel To drain< -tX h
To
drain
/ msm V---------------------------
Figure 2.2.: Simplified Flow Diagram of the Crossflow Membrane Rig
Data Logging
2.3. Experim ental Operation
Prior to filling the feed vessel with beer, all the air was purged from the system. This was 
done by blowing C02 through the experimental apparatus for a period of 5 minutes. Beer was 
then transferred from a keg into the feed vessel using a C02 top pressure on the keg. The 
filtrate lines were charged with water to minimise any initial ‘pressure-shocking’ of the 
membranes and then the desired re-circulation rate and pressure was established. Feed flow 
was built up carefully to minimise the shocking of the membrane and, where necessary, 
system pressure was increased using the flow control valve. The filtrate flow was then 
established by starting the pump. Permeate pressure was logged onto the PC from this point. 
No slippage was noted through the filtrate pump prior to start-up.
During the experimental run, temperature, inlet and outlet pressure, dissolved oxygen 
concentration, feed rate and filtrate rate were monitored manually every ten minutes. All 
experiments continued until the permeate pressure had reached -0.5 barg. This was the point 
at which the beer had begun to foam and flux control had become impossible. Given a 
continually fouling system, the final TMP was therefore limited by the initial feed pressure.
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This, in turn, was limited by the mechanical strength of the module and the feed pump 
specifications. For the experiments presented here, the feed pressure was typically set -3.5 
barg giving a maximum TMP for the system o f-3.0 bar.
All experiments were carried out at 20°C with fluxes of 50, 100 or 200 litres m"2 hr"1 and 
channel crossflow velocities of either 0.5 or 1.0 m s'1. The details of the specific experimental 
conditions are presented along with the data in Section 3.
All filtrate samples were taken at a time which corresponded to -35ml of beer passing 
through the filtrate system. This was to minimise the influence of water on the filtrate 
sample. For fluxes of 50 litres m"2 hr'1 this corresponded to a filtration time of 40 minutes, for 
fluxes of 100 litres m"2 hr"1, 20 minutes and for fluxes of 200 litres m*2 hr"2, 10 minutes. 
Samples of the unfiltered beer were taken at the same times.
2.4. F eed  a n d  F iltrate A nalysis
The feed beer used in all of these experiments was a commercially produced lager-type beer. 
Each different batch was collected from the same source within the brewery. This was 
directly post cold-conditioning. This beer is therefore directly representative o f the beer that 
will be filtered in conventional, diatomaceous earth, filters. This particular brewery 
centrifuges their beer post-fermentation and therefore it is virtually yeast-ffee. The physical 
properties of this beer are included in Table 2.1.
Description Commercial
Standard Lager 
pH 4.1+0.2
Colour (°EBC) 16 ± 2
Ethanol (% vol./vol.) 6.4 + 0.2
Bitterness (BU) 20 + 2
Present Gravity 1.01 ±0.02
Table 2.1.: Basic properties of the feed beer ^
These properties where determined by standard European Brewing Congress (EBC) 
methodologies by the research laboratory at BRI. As the brewery have strict homogeneity 
requirements it was assumed that all the beers evaluated in this paper had the same such 
properties. However, particle size distributions and concentrations can vary with storage time 
[15]. For each test, both feed beer and filtrate samples were analysed using a Coulter 
Multisizer II particle size analyser together with a 20pm tube. This tube measured particles at 
a relatively high resolution, between 0.6pm and 10pm. A Brookhaven Instruments Photon 
Correlation Spectroscope (PCS) was also used to determine particle concentrations below 
1pm in size.
Dissolved oxygen content in the filtered beer was measured using an inline Orbisphere 
Laboratories oxygen sensor. This sensor has a range of lOOppm to 50ppb. In all experiments 
the oxygen concentration in the filtrate beer was less that the brewery limit of 150 ppb and did 
not increase with filtration time.
After collecting the beer from the brewery it was stored in a cold store at 4°C. For tests on 
subsequent days the beer was removed from the system and placed back in the cold store 
overnight.
3. Results
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3.1. F iltration K inetics (TM P  v. *s tim e responses)
Figures 3.1., 3.2., and 3.3. show the variations in filtration kinetics for different operating 
conditions when filtering three different batches of the same beer. All beers were obtained 
from the same source within the same brewery.
Figure 3.1.shows the TMP response when operating at a crossflow velocity of 0.5 m s'1 and a 
flux of 100 litres m‘2 hr"1 to be repeatable. Two separate tests on the same day produced 
virtually identical responses. These tests indicated that the membrane fouled slowly for an 
initial period o f -25 minutes before the rate of fouling increased and the ceiling TMP o f -2.5  
bar was reached in a total of -50  minutes.
A further test on the same day, at the same flux of 100 litres m"2 hr'1 but a higher crossflow 
velocity of 1.0 m s'1 produced a different response. Initially, these data suggest that the 
membrane fouled at a similar rate, reaching a similar level of -0.2 bar in -25 minutes. 
However, after this point, the higher crossflow velocity appears to reduce the rate of fouling 
and a ceiling TMP o f-2.8 bar was reached in a total of 1 hour 10 minutes.
A lower flux test at 50 litres m"2 hr'1 and returning to the original crossflow velocity of 
0.5 m s'1 was carried out on the next day. These conditions appeared to reduce the rate of 
membrane fouling. An -0.2 bar TMP was reached at an almost constant rate in 50 minutes 
and the final TMP o f-3.0 bar in a total of 1 hour 40 minutes.
Figure 3.2. shows the influence of flux variation, repeated on two subsequent days. On day 1 
at 50 litres m"2 hr'1 and 0.5 m s'1 the membrane appeared to foul slowly and constantly for a 
period o f -30 minutes until a TMP of -0 .2  bar was reached. At this point the rate of fouling 
appeared to increase and a ceiling of -3 .0  bar was reached in a total o f -55 minutes. On the 
same day, subsequent tests at 100 litres m'2 hr'1 and 200 litres m'2 hr"1 (still at 0.5 m s'1 
crossflow velocity) showed similar, initially slow, increases in TMP. In these tests, a TMP of 
-0.2 bar was reached in -18 and -9  minutes respectively. At this point, similarly to the 
experiment at 50 litres m'2 hr"1, the rate of increase of TMP changed and the ceiling levels of 
-3.0 bar were reached in -25 minutes (100 litres m'2 hr"1) and in -15 minutes 
(100 litres m"2 hr'1).
On the next day, two repeat tests at 50 litres m'2 hr"1 and 100 litres m'2 hr"1 were carried out. 
At 50 litres m"2 hr"1, the -0.2 bar point was reached in a faster time o f -28 minutes. Similarly 
to all the previous tests, at this TMP the rate of fouling appeared to increase and the ceiling 
level of -3.0 bar was reached in -42 minutes. This was faster than was observed on the 
previous day at the same operating conditions.
At 100 litres m"2 hr'1 the membrane also appeared to be fouled at a greater rate than observed 
the previous day. The value of -0 .2  bar was reached in approximately the same time (-18 
minutes) but the ceiling o f -3.0 bar was reached in the shorter time o f-24 minutes.
Figure 3.3. shows the TMP responses for a third batch of the same beer. At 200 litres m"2 hr'1 
and 0.5 m s"1 the pressure o f -0.2 bar again appears to be the point after which the membrane 
TMP increases rapidly. The -0.2 bar ‘threshold’ was reached in -11 minutes and the final 
TMP o f -3.0 bar reached in -21 minutes. On the same day, a lower flux of 50 litres m"2 hr'1 
was also evaluated at 0.5 m s 1. This time, the —0.2 bar value was reached in a significantly 
slower time o f -50 minutes. However, after this point the TMP increased and the ceiling of 
-3.0 bar was reached in a total of 1 hour 30 minutes.
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A repeat of the 200 litres m"2 hr"1 result was attempted on the next day. The response 
indicated a similar, worsening behaviour, as seen in the repeat tests on Batch 2. The day 2 
repeat showed a slightly faster time to reach the -0.2 bar TMP point (-10 minutes) and then 
the TMP increased rapidly to reach the final TMP value o f-3.0 bar in -17 minutes.
3.2. Particle Size Distribution
Particle removal, expressed as number percentage, for three classifications of particle size (<2 
pm, 2 -  4 pm and >4 pm) are presented for each test in tables 3.1., 3.2. and 3.3. All tests, 
across all batches of beer showed total particle removal due to membrane filtration to range 
between 89.1 and 97.5 %. This is a significant quantity of the particles to be removed but no 
further observations can be made regarding variations from batch-to-batch or the influence of 
operating conditions on particle removal.
Analysis of the particles < 2 pm in size, shows the percent removal to vary from 98.1 to 90.8 
%. Similarly to total removal, no significant variations due to the different batches of beer or 
operating conditions could be observed.
Particles in the range of 2 -  4 pm vary from -278.3 to 89.5 % removal across all tests. The 
results from Batch 1 differ significantly to those from the other two batches. For this batch, 
the removal of particles in the range of 2 -  4 pm is significantly lower and, when operating at 
a crossflow velocity of 0.5 m s'1, the number of particles in this range actually increased by 
between 278.4 and 22 %. However, the magnitude of this increase cannot be cross-correlated 
with flux variations.
When operating at the higher crossflow of 1.0 m s'1 the number of 2 -4  pm particles in the 
filtrate did not increase but it was still significantly lower that the other two batches at only
11.2 % removal. Batch 2 and 3 results in this particle size range vary between 42.4 and 89.5 
%  removal. In these batches, no significant differences could be observed.
Particles > 4 pm in size varies from 21.3 to 98.4 % removal. No significant trends can be 
observed due to either batch or processing variations.
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Experiment
Flux
Crossflow
Velocity
Day 1: Test 1
100 litres m"2 hr"1 
0.5 m s"1
Day 1: Test 2
100 litres m"2 hr"1 
1.0 ms'1
Day 1: Test 1 
(Repeat)
100 litres m"2 hr"1
0.5 m s"1
Day 2: Test 3
50 litres m"2 hr"1 
0.5 m s"1
<2 pm 93.4 96.5 98.1 90.8
% Removed 2 - 4 pm -278.3 11.2 -22.2 -71.8
(Number Basis) >4 pm 21.3 69.6 74.8 46.0
Total 91.6 95.9 97.6 89.9
Table 3.1.: Batch 1, Percentage Particle Removal
Experiment
Flux
Crossflow
Velocity
Day l:T es tl
50 litres m"2 hr"1 
0.5 m s"1
Day 1: Test 2
100 litres m'2 hr"1 
0.5 m s*1
Day 1: Test 3
200 litres m"2 hr"1 
0.5 m s'1
Day 2: Test 1
50 litres m"2 hr"1 
0.5 m s"1
Day 2: Test 2
100 litres m"2 hr"1 
0.5 m s"1
<2 pm 92.8 95.9 96.8 97.9 95.7
% Removed 2 - 4 pm 57.8 42.4 69.5 89.5 52.6
(Number Basis) >4 pm 85.7 93.9 90.9 98.4 86.6
Total 92.1 95.5 96.6 97.9 95.5
Table 3.2.: Batch 2, Percentage Particle Removal
Experiment
Flux
Crossflow
Velocity
Day l:T estl
200 litres m*2 hr"1 
0.5 m s"1
Day 1: Test 2
50 litres m"2 hr"1 
1.0 ms"1
Day 2: Test 1
200 litres m"2 hr"1 
0.5 m s"1
<2 pm 96.0 96.6 97.6
% Removed 2 - 4 pm 70.6 81.0 85.7
(Number Basis) >4 pm 41.9 94.2 95.0
Total 95.7 96.4 97.5
Table 3.3.: Batch 3, Percentage Particle Removal
3.3. Sub-Micron Particle Concentrations
Figure 3.5. shows the sub-micron particle concentration of both the feed and the filtrate beer 
samples for all three batches investigated. In the tests carried out on Batch 1 the feed 
concentration ranged from 43.1 — 46.7 kcps (‘000’s counts per sec). The concentration was 
lower in the filtrate samples, ranging from 12.6-15.5 kcps.
In Batch 2 tests, the feed beer concentration was slightly higher at 46.9 -  55.4 kcps. The 
filtrate samples also contained slightly higher concentrations, ranging from 15.0 to 17.8 kcps.
In Batch 3 the both the feed beer and the filtrate sub-micron particle concentration were 
comparable to that for Batch 2. The feed beer concentrations varied between 50.5 -  60.1 kcps 
and the filtrates between 15.4 -  18.0 kcps.
A diatomaceous earth (kieselguhr) filtered sample of the same beer had a sub-micron particle 
concentration of 14.0 kcps.
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Figure 3.5.: Sub-micron Particle Concentrations Feed Beer and Filtrates (Overlaid) 
4. Discussion
4.1. Repeatability a n d  reproducib ility
Figure 3.1. shows clearly that for tests carried out on the same day at identical conditions the 
TMP v.’s time response data (filtration kinetics) are repeatable. However, Figure 3.4. shows 
how the repeated filtration kinetics varies across different batches of the same beer and over 
subsequent days. All tests were at identical operating conditions of 50 litres m'2 hr"1 and 0.5 m 
s"1.
Over the three batches studied here, the total time to reach the ceiling TMP o f-3.0 bar varied 
from 1 hour 40 minutes to 35 minutes. Analysis of the particle concentration of the feed beers 
used in each batch is not useful in understanding the problem. The absolute «number of 
particles in the three batches of beer does not differ significantly. Even analysis of the sub­
micron particle concentrations (PCS) does not help (Figure 3.5.). These data indicate that the 
difference in feed particle concentration between batches 2 and 3 is minimal. However, the 
filtration kinetics of the two batches actually varies significantly.
It is documented in the literature that the beer particle concentrations and therefore size 
distributions vary with time, particularly during cold conditioning [15, 16]. At such low 
fouling operating conditions, it appears that subtle variations, imperceptible to sub-micron 
particle analysis, are influencing the filtration kinetics significantly.
The actual increase in particle concentration been 2 - 4  pm seen when filtering Batch 1 (Table
3.1.) would also suggest that the age of the beer (post-fermentation and pre-filtration) will 
have another significant influence on crossflow filtration. Given that the variation in TMP 
response are due to changes in particle size distribution and macromolecular configurations it 
may appear that to filter the beer at the wrong ‘age’ would be detrimental to the quality and 
actually produce more ‘larger’ particles than were present in the feed originally. A possible 
explanation for this could be shear-induced agglomeration in the pores. However, further 
research will be required before this phenomenon can be explained fhlly.
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4.2. Influence o f Flux
The influence of flux on the filtration kinetics is shown clearly in Figures 3.1., 3.2., and 3.3.. 
These figures show that an increased flux will result in an increase in the rate at which the 
ceiling TMP is reached. However, these data in Figures 3.2. and 3.3. also show the repeated 
runs carried out on subsequent days always perform worse than the original experiment
In all tests it was found that the TMP increased at a constant, low, rate until it reached -0.2  
bar. After this point, the TMP increased rapidly thus indicating a rapid increase in fouling. 
Increasing the flux decreased the time that was required for this -0.2 bar point to be reached. 
Based on this evidence it is possible to hypothesise that this, initial, low fouling period was 
caused by the pores of the membrane becoming saturated with fine particle and 
macromolecules thus reducing the effective membrane pore size. After this has occurred, the 
membrane surface can foul at a greater rate with the remaining particulates and 
macromolecules. This would account for the rapid increase in TMP observed in the 
experiments and the reduction in time to reach the -0.2 bar when flux is increased. This 
argument is supported by the crossflow velocity response seen in Figure 3.1. and will be 
discussed again in the section below.
The reduction in time to reach the -0.2 bar TMP at high fluxes is not linear. This does not 
detract from the hypothesis. The rate at which the membrane pores will foul will be 
dependant on a number of factors and not just purely the amount of foulant they are exposed 
to. At higher fluxes the initial, internal membrane fouling may also be limited by high shear 
generated in-pore.
4.3. Influence o f Crossflow velocity
Figure 3.1. shows clearly that increasing the crossflow velocity from 0.5 to 1.0 m s’1 when 
operating at 100 litres m"2 hr"1 will prolong the time to reach the ceiling flux o f -3 bar from 
-50 minutes to -110 minutes. However, in this comparison the time to reach the critical TMP 
o f-0.2 bar (After which TMP increases at a much higher rate) is the same. This supports the 
hypothesis discussed in the previous section, as high channel shear would only effect the rate 
of deposition on the membrane surface and not the rate of deposition in the membrane pore.
It has been observed in the literature that internal membrane fouling is small in comparison to 
external surface fouling [17]. This work supports the claims made and contributes further by 
suggesting that this eternal surface fouling step is first dependant on the internal fouling of the 
membrane.
4.4. Product Quality
All tests produced filtrate samples with similar concentrations of sub-micron particles (Figure
3.5.) and showed similar reductions in total number of particles (Tables 3.1., 3.2. and 3.3.). 
This shows that the membranes are capable of consistently producing a quality of filtrate 
similar to that seen when the same beer is diatomaceous earth (kieselguhr) filtered. However, 
it also suggests that the techniques used are incapable of differentiating between beers filtered 
at different operating conditions and have difficulty in differentiating between beers filtered 
from different batches of the same beer. The exception to this is the variations in the particle 
concentrations between 2 - 4  pm observed in the filtrates from Batch 1 tests.
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Both particle size distribution (0.6 — lOphl) and sub-micron particle concentration contribute 
little to explaining the variations filtration kinetics. Particularly in explaining the problems 
observed with reproducibility.
5. Conclusions
This paper shows conclusively that the ‘Pod’ membrane module developed for this study is 
effective in the generation of TMP v.’s time responses which can then be used to interpret the 
fouling kinetics of the system.
The preliminary results suggest that as one may expect, increasing flux rates will result in an 
increase in the rate of TMP change thus indicating an increase in fouling. Increasing 
crossflow velocity is shown to reduce the rate of fouling, probably by preventing excess 
particulate and macromolecule deposition by the action of tangential shear on the membrane 
surface.
The data presented here also suggests that the membrane fouling may occur in two distinct 
phases. An initial low fouling phase in which fine particles and macromolecules are 
deposited on or inside the membrane pores. This is then followed by a fast, rapid fouling 
phase in which larger particles or gel-type materials are deposited on the membranes surface. 
The first phases appears dependant upon flux whilst the second phase can be limited by the 
action of tangential shear. The relative contributions to fouling of each of these phases are 
supported by previous studies [17]. However, these data suggests that the external, severe 
fouling, phase is dependant upon achieving initial, internal, fouling of the membrane.
The results published show that the results are repeatable on the same day but are not 
reproducible across different batches or on different days. The data presented here strongly 
suggests that this be due to changes in the particle composition and/or macromolecular 
properties of the beer. Such changes are well documented in the literature. Interestingly, 
these data show that filtering with beer of a certain ‘age’ may even have a detrimental effect 
on the quality of the final filtrate. ^
Particle-size distributions and sub-micron particle concentrations proved ineffective for 
understanding why the results were not reproducible. They did however, show that the 
membranes were capable of clarifying beer to particle concentrations comparable to that 
produced when the same beer is diatomaceous earth (kieselguhr) filtered.
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Abstract
Experiments to determine fouling layer composition have been conducted on three 
different beers: i) a standard lager, ii) a commercial lager, and iii) a standard ale. Fresh 
Millipore membranes, nominal pore size 0.45 pm, were fouled by applying a 
transmembrane pressure of 0.7 barg at 0°C in an stirred cell. Each beer was tested both 
pre- and post-centrifugation. In each experiment, the flux decline data was obtained and 
then the fouling layer was removed using a sonicator. The fouling layers were freeze 
dried and re-suspended in 0.1 M imidazole. They were then analysed for carbohydrate, 
polyphenols and protein. Unfiltered samples of each beer, both pre- and post­
centrifugation were also analysed using the same procedure. The flux decline data show 
that the presence of yeast enhances flux. Furthermore, the final fluxes obtained for the 
Beer 2, the commercial beer, were an order of magnitude greater than those obtained for 
the non-commercial beers. Analysis of the fouling layers reveals that for all beers 
polyphenol is present in disproportionately greater quantities than are present in the 
unfiltered beer, while carbohydrate is present in disproportionately smaller amounts.
The data for Beers 2 and 3 also suggest that protein is present in disproportionately 
greater quantities. It is further concluded that, for all beers, the fouling layer consists of 
both protein-polyphenol complexes and carbohydrate gels.
Keywords: membrane, microfiltration, beer, foulants.
2
1. Introduction
Currently, beer clarification and stabilisation (both microbiological and colloidal) is 
achieved through a combination of centrifugation, cold-maturation, diatomaceous earth 
filtration and pasteurisation. Environmental pressure on the use of diatomaceous earth 
has forced the industry to investigate new and alternative technologies. One such 
technology, crossflow filtration, has been studied in detail for over 10 years [1,2]. 
Despite this, the technology has yet to become accepted by the industry. The principal 
reasons for this are:
• Excessive fouling at the membrane surface resulting in low membrane fluxes [1,3-9]
• Filtrate colloidal stability problems [1,3,7-9]
• Stripping of essential components (colour and flavour) from the beer [1,3,7-10]
Existing research into microfiltration membrane deposits has concentrated on 
qualitative assessment methods. The deposition of protein polyphenol and glucan onto 
dead-end microfiltration membranes has been investigated [11]. The study presents a 
comparison of membranes plugged with model fouling components to layers plugged 
with real beer. The presence of these fouling components was confirmed qualitatively 
in the study through the use of ATRIR (Attenuated total reflectance infra-red 
spectroscopy) and SEM (scanning electron microscopy) techniques. The role of 
carbohydrate gels in membrane fouling has been confirmed, through the use o f model 
systems[12]. Further studies suggest that carbohydrates (starch) were principally 
responsible for membrane fouling[13]. The role of carbohydrates in microfiltration 
fouling has also been confirmed in real beer systems [10,14]. The work involved dosing 
feed beers with enzymes known to digest certain carbohydrate species and then
comparing filterability with an unmodified beer. The finding of these papers suggest 
that carbohydrates are involved in fouling the membrane layer.
Through retention analysis, it has been confirmed that protein is also deposited/adsorbed 
onto membranes when filtering beer [2]. In this study quantitative data for protein 
depositions are presented, but there are no quantitative data for other possible foulants.
The aim of this study is to quantify the amount of carbohydrate, protein and polyphenol 
deposited onto microfiltration membranes. Data are presented here detailing the fouling 
layer composition from four different beer types, including a commercial lager and an 
ale, together with the associated flux decline data. These data are compared to data 
obtained from the analysis of unfiltered samples of each beer.
2. Materials and Methods
2.1 Filtration Apparatus
All filtration experiments have been carried out using a Sartorius stirred ce ll, Sartorius
si-
model SM 165 26 (see Fig. 1). This is a dead-end filtration cell with a 200ml capacity. 
Filtration temperature is controlled by a glycol jacket which, in turn, is controlled by a 
Teche heater/circulator C858 connected to a SI Industries chiller. The temperature o f 
the glycol in the jacket can be controlled to within ± 1 °C over the range o f -2  to 60°C. 
Transmembrane pressure is applied using C02 connected, through a regulator, to the top 
of the cell. The bulk contents of the cell are mixed through the use of a magnetic 
agitator suspended ~lmm above the filtration surface. This agitator has operating 
speeds in the range of 250 to 850 rpm.
All experiments were conducted under the same operating conditions, a transmembrane 
pressure of 0.7 barg, an agitator speed 850 rpm and a filtration temperature of 0°C. For 
each run, the cell was initially charged with 200 ml of distilled and deionised water and 
the clean water flux was established. An average value of 11180 ± 1550 l.m"2hr-1 was 
attained across all tests. The clean water fluxes attained with new membranes were 
reproducible. The cell was then charged with the test solution and the transmembrane 
pressure was applied for 8 minutes. The filtrate was collected into a glass beaker placed 
onto a Mettler PM2000 balance linked to a Mettler GA44 data recorder. Any remained 
beer was then carefully decanted from the cell and the fouled membrane was then 
removed. The total time of filtration was 8 minutes was based upon the standard 
filtration test [Ref] for which the apparatus had been designed.
2.2 Test Materials
Fresh Millipore disc membranes with a nominal pore size of 0.45pm were used in all 
experiments. These membranes are made of mixed esters of cellulose, are positively 
charged and hydrophilic. They have a diameter of 47mm.
Three different beers were investigated: i) a standard lager, BRI pilot brewery, ii) a 
standard commercial lager, and iii) a standard ale, BRI pilot brewery; the basic 
properties of these beers are shown in Table 1. In each case, the beer was taken directly 
post-fermentation and prior to centrifugation, and stored at 0°C in a cold storage room. 
Each beer had a yeast count between 2.5 x 106 cells m l'1 and 15 x 106 cells ml*1, as 
determined using a Coulter Counter Multisizer II, and are typical of yeast concentration 
post-fermentation [2].
2.3 Removal and Analysis o f  the Fouling Layer
The fouled membrane was placed into an ultrasonic bath (L&R Ultrasonics, model PC3) 
containing distilled and deionised water at room temperature and sonicated for 5 
minutes. The membrane was then rinsed with distilled and deionised water to ensure 
complete removal of the fouling layer and the clean water flux was then measured 
again. These final clean water fluxes had an average value of 11080 ±1210 litre m"2 hr'1 
and were reproducible. The resultant suspension from the ultrasonic bath was freeze 
dried using an Edwards Modulyo freeze drier; this was to stabilise the samples prior to 
analysis.
Each freeze dried sample was re-suspended and dissolved into aO.lM solution of 
imidazole, made up with distilled and de-ionised water. The imidazole has been shown 
[Ref] to assist in the disruption of hydrogen bonds in beer macromolecules. All samples 
were then analysed for 3 principle filter foulants: carbohydrate, in the form of a total 
carbohydrate assay using the Anthrone reagent based upon the EBC standard [15]; 
protein using the Bradford, Coomassie blue, method [16]; and, polyphenol using the 
ammonia EDTA reagents based upon the EBC standard [15]. Colour readings for 
assayed samples were made using a Unicam UV/Vis Spectrometer, UV2 and in the case 
of the protein assays, the results were compared against a bovine serum albumin 
standardisation curve.
2.4 Analysis o f  the Beer Samples
For each Beer, a 100 ml sample was freeze dried and resuspended 0.1M imidazole in 
line with the procedure used for the fouling layer samples. These were then analysed in 
the same way for comparison.
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3. Experimental Results
Each beer was tested three times, both pre- and post-centrifugation. The only exception 
was Beer 3, which was only tested twice. Centrifugation was carried out in a MSE/Fison 
Coolspin centrifuge for 20 minutes at 2000 rpm. For each run data were obtained in the 
form of flux decline curves and fouling layer composition.
3.1 Flux Decline Curves
The flux decline curves for each beer are presented in Figs. 2-4. In each case, flux 
declines steadily over the course of a run and appears to approach an asymptotic value. 
For comparison, the initial fluxes for each experiment are presented in Table 2. For all 
beers, the initial flux obtained for the centrifuged samples is greater than that obtained 
for the uncentrifuged sample, but the initial rates of flux decline appear to be similar. It 
is also noted that, Beers 1 and 3 yield similar initial fluxes, while Beer 2 yields fluxes an 
order of magnitude greater. This difference is reflected in the whole flux decline curve.
It is clear from Figs. 2-4 that the absence of yeast results in lower final fluxes. For Beer 
2 there is a clear difference in the flux decline curves after 60 seconds. While for Beer 1 
the curves diverge after -150 seconds and for Beer 3 there is no clear divergence until 
-200 seconds. Although the final fluxes presented here do not represent the ultimate 
asymptotic flux, it is clear from the data that these values are approaching the 
asymptotic flux.
3.2 Fouling Layer Composition Data
The fouling layer compositions for all beers investigated together with the compositions 
of the raw beer are presented in Tables 3-5. With one exception, a proportion of the 
sample analysed has remained unidentified. For Beer 1 and Beer 2 (centrifuged), the
unknown fraction is much smaller for both the fouling layer and the unfiltered beer, 
ranging between 0% and 20%. While for Beer 2 (uncentrifuged), the unknown fraction 
is between 36% and 42% in the fouling layer as compared to 17.6% in the unfiltered 
beer. Beer 3 is the most varied, with the unknown fraction ranging between 1.6% and 
73.8%.
The relative proportions of the identified components for all sample are presented in 
Figs. 5-7. For Beer 1, both sets of samples (pre- and post -centrifugation) yielded 
similar results (Fig. 5). Across both sets of fouling layer samples, the proportion of 
carbohydrate was between 89.3% and 91.8% as compared to 97.1% (pre-centrifugation) 
and 98.5% (post-centrifugation) in the unfiltered samples. The data obtained for both 
protein and polyphenols were more varied. For polyphenol, the proportion varied 
between 3.5% and 6.5%, as compared to 0.6% (pre-centrifugation) and 0.4% (post­
centrifugation) in the unfiltered samples. While for protein, the proportion ranged 
between 2.2% and 6.3% as compared to 2.3% (pre-centrifugation) and 1.2% (post- 
centrifugation).
As with Beer 1, the data obtained from the uncentrifuged and centrifuged samples of 
Beer 2 are similar (Fig. 6). However, the carbohydrate proportion present for Beer 2 is 
less than that for Beer 1, in this case ranging between 79.1% to 84.7%, despite the fact 
that a similar proportion of carbohydrate is present in the unfiltered samples, 97.1% for 
the uncentrifuged sample and 97.5% for the centrifuged sample. Again, as with Beer 1, 
the data obtained for polyphenols and protein are more varied. The proportion of both 
polyphenols and protein is greater, the former varying between 6.0% and 15.6%, while 
the latter varies between 1.6% and 12.1%. As with the carbohydrate data, the unfiltered 
samples yield proportions similar to those obtained for Beer 1, 0.5% (pre-
centrifugation) and 1.3% (post-centrifugation) for polyphenols, and 2.4% (pre-
centrifugation) and 1.3% (post-centrifugation) for protein.
Overall, the data obtained from Beer 3 are the most varied (Fig. 7). The proportion of 
the carbohydrate in the fouling layer (both pre- and post-centrifugation) ranges from 
75.5% to 93.5% as compared to 95.5% (pre-centrifugation) and 91.6% (post­
centrifugation) in the unfiltered samples. For polyphenols, the proportion varies 
between 4.7% and 17.7% and for proteins between 1.8% and 6.8%. However, the 
unfiltered samples, do indicate a lower proportion of carbohydrate and a higher 
proportion of protein for Beer 3. The carbohydrate proportions are 95.5% (pre­
centrifugation) and 91.6%(post-centrifugation) and the protein proportions are 4.1% 
(pre-centrifugation) and 6.9%(post-centrifugation). The proportions of polyphenols are 
similar to those observed in Beers 1 and 2, 0.4% (pre-centrifugation) and 1.5% (post­
centrifugation).
4. Discussion
4.1. Influence o f  Analytical Methods and Procedures
It is clear from the data presented that, for all o f the beers studied, carbohydrates, 
polyphenols and proteins are all present in the fouling layer. However, it is understood 
by the authors the experimental procedures and the selection of analytical methods will 
have a significant impact on the level of accuracy and reproducibility of the foulant 
quantification.
Freeze drying the sample may influence the structure of the carbohydrates. It has been 
shown that changes in the carbohydrate structure through freezing (rétrogradation) can 
make them insoluble[17]. This may reduce the effectiveness of the carbohydrate assay.
Re-dissolving the ffeeze-dried sample in an imidazole solution was to assist in the 
disruption of hydrogen bonds. Protein and polyphenol complexes may be formed by 
such bonds [18]. Imidazole solutions of similar concentration have been used 
previously to aid resolution and subsequent component quantification in a haze 
composition study [19].
The anthrone reagent used for total carbohydrate analysis in this paper is effective in 
picking up almost all classes of carbohydrates [20]. However, pentose-type material 
will remain undetected by the analysis due to the prolonged hydrolysis step [20].
The Bradford method for protein analysis [8] was chosen as its effectiveness for use on 
beer, in the presence of reducing compounds, had been demonstrated by other authors
[21]. It is accepted by the authors that the choice of assay does influence the absolute 
protein values obtained. However, this method is commonly used within the brewing 
industry and has been used in other, comparable studies [2]. The choice of assay will 
facilitate comparison to existing literature.
Polyphenol analysis has been shown to pick up both ‘free’ polyphenol and polyphenols 
associated with ‘haze’ type complexes [22].
4.2. Experimental Results
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For all of the samples studied for Beer 1 and Beer 2 (post-centrifugation), both fouling 
layers and unfiltered beer, over 80% of the each sample was identified as protein, 
carbohydrate or polyphenol. The unidentified fraction is attributed to the small 
proportion of each sample that could not be re-dissolved, subsequent to freeze drying, 
and remained in suspension. It has been shown previously that freeze drying can result 
in rétrogradation of long chain carbohydrates [17]. It is considered likely that this is the 
case for these samples and the unknown fraction consists either of these components, or 
pentose classes of carbohydrates that remain undetected by the assay [20].
In the case of Beer 2 (pre-centrifugation), only -60% of the fouling layer was identified, 
but 82.4% of the unfiltered beer was identified. If the unidentified fraction is ignored 
(Fig. 6), the relative composition of the fouling layers for both uncentrifuged and 
centrifuged beers are comparable. Furthermore, as the compositions of both the 
unfiltered beer samples are also comparable, it may be postulated that the additional 
unidentified fraction is something other than additional macromolecular fouling. The 
most obvious candidate is yeast. However, for Beer 1 there is clearly no difference in 
proportion of unidentified fraction in the fouling layer between the uncentrifuged and 
centrifuged beer.
This discrepancy can be explained with reference to the flux decline data. For Beer 2, 
both pre- and post-centrifugation, the filtrate flux is an order of magnitude greater than 
for Beer 1 (compare Figs. 2 and 3). This implies that the degree of membrane fouling is 
significantly less for Beer 2 than for Beer 1. Beer 2 is a commercially produced beer 
and, although for reasons of commercial sensitivity this cannot be confirmed, it is likely 
that it has been enzyme treated in order to remove potential filter foulants prior to 
kieselguhr filtration. Clearly, this will have the same impact on these filtration
i i
experiments, hence the reduced levels of fouling and higher fluxes observed for Beer 2. 
Furthermore, given that Beers 1 and 2 have similar yeast concentrations, it may be 
concluded that yeast will form a significantly greater proportion of the fouling layer in 
the pre-centrifiiged samples of Beer 2 as opposed to Beer 1.
Although the presence of yeast was not confirmed analytically, it was noted that the 
layers differed in appearance when filtering centrifuged and uncentrifuged beer. The 
layers formed from the centrifuged beer were transparent, with a gel-type layer covering 
the membrane surface. The layers formed when filtering the uncentrifuged beer were 
all opaque, brown in colour. It was also noted that the layers formed from filtering 
uncentrifuged beer were easier to remove when sonicating the membrane.
Weights of the fouling layers are only available for the layers formed when filtering 
Beer 2. The weights of these layers are 150 ± 10 pg per membrane area for the layers 
formed when filtering the uncentrifuged feed beer and 26+ 10 pg per membrane area 
when filtering centrifuged feed beer. These data strongly supports the suggestion that 
yeast is present in the fouling layer.
Significant experimental error in the weighing process means that further detailed 
analysis, using these data to determine quantities of individual components per unit 
area, is not acceptable.
The data for Beer 3 presents a more complex picture. Of the material identified, there is 
proportionally more protein and less carbohydrate in the unfiltered beer than in Beers 1 
and 2. However, the proportion of protein in the identified fraction of the fouling layer 
is similar to that which was observed in Beers 1 and 2. The most striking feature o f the
data for Beer 3 is the wide variation in the unknown fraction. This may reflect a higher 
proportion of long-chain carbohydrates, but further investigation is required.
It is clear from all of the data presented that, in comparison to the unfiltered beer, a 
greater amount of polyphenols and a reduced amount of carbohydrate are present in the 
fouling layers. The data relating to Beers 1 and 2 also indicate that there is a greater 
proportion of protein in the fouling layer as compared to unfiltered beer, although this is 
not the case for Beer 3. This observation has some significant implications with respect 
to the application of microfiltration in the brewing industry. It is the formation of 
protein-polyphenol complexes that cause chill haze. These data raise the possibility that 
microfiltration may be employed to selectively remove chill haze components.
Furthermore, these data also provides evidence that there are both carbohydrates and 
protein-polyphenol complexes that make up the macro-molecular fouling layer. It is 
accepted that protein-polyphenol complexes can yield inclusion compounds with 
carbohydrates, however it has been shown that the carbohydrates accounts for n^more 
than 17% by mass [23,24] of the complexes. In the data presented here, the 
carbohydrate accounts for greater than 80% of the mass of the fouling layer. This 
implies the existence of carbohydrate gels in the fouling layer.
5. Conclusions
The flux decay curves for all beers clearly demonstrate that the presence of yeast 
enhances flux. The analysis of the fouling layers clearly show that carbohydrates, 
proteins and polyphenols are all present. Furthermore, carbohydrates form the largest 
proportion of the identified components, this finding being true for all beers.
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Comparison of the composition of the fouling layers with that of the unfiltered beer 
reveal that carbohydrates are present in disproportionately lower amounts and proteins 
and polyphenols are present in disproportionately greater amounts. Finally, these 
findings suggest that both protein-polyphenol complexes and carbohydrate gels are 
present in the fouling layer.
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Table 1: Basic Properties of the Beers Investigated
BEER 1 BEER 2 BEER 3
Description Standard Pilot . Commercial Pilot Brewed
Brewed Lager Standard Lager Ale
PH 4.1 ± 0 .2 4.1 ± 0 .2 4.0 ± 0.2
Colour (°EBC) 12 + 2 16 ± 2 25 ± 2
Ethanol (% vol./vol.) 5.1 ± 0 .2 6.4 ± 0 .2 4.0 ± 0 .2
Bitterness (BU) 21 ± 2 20 ± 2 25 ± 2
Present Gravity 1.005 ±0.002 1.01 ±0 .002 1.004 ±0.002
Table 2: Initial Flux Values
Beer Description Initial Flux Value (L m ^hr1)
Beer 1, Uncentrifuged Feed 410 ± 130
Beer 1, Centrifuged Feed 634 ±280
Beer 2, Uncentrifuged Feed 4419 ±29
Beer 2, Centrifuged Feed 5422 ±157 .
Beer 3, Uncentrifuged Feed 388 ±20
Beer 3, Centrifuged Feed 1825 ±58
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Table 3: Beer 1, Fouling Layer and Feed Beer Compositions
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 3 Beer 4 5 6 Beer
Carbohydrate 82.0 82.0 72.0 83.0 78.0 90.0 84.0 84.0
Protein 4.0 5.0 3.0 0.5 3.0 5.5 6.0 0.3
Polyphenol 4.0 4.0 5.0 2.0 4.0 4.5 2.0 1.0
Unknown 10.0 9.0 20.0 14.5 15.0 0.0 8.0 14.7
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Table 4: Beer 2, Fouling Layer and Feed Beer Compositions
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 3 Beer 4 5 6 Beer
Carbohydrate 50.0 53.0 49.0 80.0 70.0 72.0 66.0 77.0
Protein 5.0 10.0 4.0 0.4 5.0 8.0 6.0 1.0
Polyphenol 4.0 1.0 5.0 2.0 8.0 11.0 9.0 1.0
Unknown 41.0 36.0 42.0 17.6 17.0 9.0 19.0 21.0
21
Table 5: Beer 3, Fouling Layer and Feed Beer Compositions
Uncentrifuged Centrifuged
Foulant (wt.%) 1 2 Beer 3 4 Beer
Carbohydrate 47.0 20.0 53.0 92.0 61.0 24.0
Protein 3.7 4.7 0.2 4.6 6.7 0.4
Polyphenol 2.1 1.8 2.3 1.8 2.8 1.8
Unknown 47.2 73.5 44.5 1.6 29.5 73.8
Figure 1 : Stirred Cell Apparatus
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Figure 3: Beer 2 Flux Decay Curves
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Figure 4: Beer 3 Flux Decay Curves
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~ Figure 6: Beer 2, fouling layer compositions and corresponding feed beer compositions
100
80
60
40
20
0 i i
Tests 1 -3  use uncentrifuged feed beer 
Tests 4 - 6  use centrifuged feed beer
Uncentrifuged Centrifuged 
feed beer feed beer
28
W
t. 
% 
Dr
y 
C
om
po
ne
nt
s
Figure 7: Beer 3, fouling layer compositions and corresponding feed beer compositions
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Figure Captions
Figure 1 : Stirred Cell Apparatus
Figure 2: Beer 1, Flux Decay Curves 
Figure 3: Beer 2, Flux Decay Curves 
Figure 4: Beer 3 Flux Decay Curves
Legend Figures 2 - 4
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Introduction
The u se  o f  crossflow  filters to clarify and stab ilise  b e e r  h a s  b een  
in vest iga ted  by th e  brewing industry for o v er  ten  y e a r s .  T he principal 
barrier to  th e  accep ta n ce  o f  th e  te c h n o lo g y  is th e  d e v e lo p m e n t  o f  
co m p lex  fouling layers on th e  m em b ra n e  su r fa c e s  in s id e  th e  filters. If 
t h e s e  fouling layers, and th e  m ech a n ism  o f  the ir  form ation , can be  
understood  then  p reventative  m e a su r e s  could b e  e m p lo y e d .  T h e se  
could increase filter throughputs and prolong t im e s  b e tw e e n  clean ing  
cyc les .
The driving force behind th e  investigation  o f  th is  n ew  te c h n o lo g y  is an  
environm ental burden resulting from th e  current filtration practices.
The current p ro c e sse s  u se  a d ia to m a c e o u s  earth  to  r e m o v e  particles  
and m acrom olecu les  from th e  beer. O nce th e  earth  h a s  b e en  
sa tu rated  with th e s e  m aterials it can no lon ger  be  u sed  and currently, 
is then  d isposed  of to landfill. Recycling o f  th is m ateria l is n e ith er  
econom ica lly  or environm entally  feasib le . Currently, ap p ro x im a te ly  
1 ,0 0 0 ,0 0 0  to n n es /a n n u m  o f  th e  sp e n t  earth  are s e n t  to  landfill.
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A Clean Technology
Environment
Technology Economics
•C rossflow  filtration is a clean technology. It offers th e  
opportunity to reduce th e  environmental burdens a sso c ia ted  
with th e  brewing p ro cess . T he u s e  o f  d ia to m a c e o u s  eartfi could be  
elim inated .
•Costs for th e  d isposa l o f  th e  d ia to m a c e o u s  earth u sed  in th e  
conventional p ro cess  are increasing significantly, particularly in 
th e  EU.
•Providing th e  s y s te m  can b e fully u n d ersto o d , a clarified and  
biologically stab le  b eer  can be a tta in ed  a t  economically viable 
flow rates. Microbial s tab ilisa tion , will a lso  e lim inate  th e  n eed  for  
pasteurisation . Pasteurisation  is know n to  a d v erse ly  e ffec t  th e  
flavour of th e  beer.
•A stu d y  of crossflow  filter fo u la n ts  will improve m em b ra n e  
cleaning practices and lead to a longer m em b ra n e  operating  life.
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Methodology
^Filter until maximum trans-membrane pressure had been reached
oFouling layers removed, ex-situ, using ultrasound
^Residue from the sonicator, freeze dried then re-suspended in a 
solution of imidizole
^Carbohydrate, protein and polyphenol concentrations evaluated 
using standard, wet chemistry, techniques
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Conclusions
• At high m em b ran e  th rou gh p u ts , th e  p o s it iv e  in fluence o f  crossflow  
velocity  is reduced
• In all c a s e s ,  th e  filtration k in etics .d o  vary  from  b a tch -to -b a tch . The 
general rule - i n  a h igher 'fouling' s y s t e m  t h e  in fluence o f  crossflow  
velocity  is reduced
•  At a concentration  of 0 .2  Wt. %, y e a s t  a p p e a r s  to h a v e  little 
influence on th e  filtration k inetics. All b a tc h e s  o f  th e  b eer  sh o w  
broadly th e  s a m e  trend s
• A study  o f  th e  feed  and filtrate particle s i z e s  and con cen tra tion s  
sh o w s clearly that:
-  Foulant particles are ~ lnm  in size
-  At the operating conditions investigated, the presence of yeast, 
membrane throughput and crossflow velocity have little influence on the 
quality of the filtrate
-  Filtrate beer samples contained particles ~100nm  (~0.1nm ) in size at the 
same concentration as that found in their corresponding feed beer sample
-  Variations in the filtration kinetics, as observed from batch-tœ-batch, 
cannot be explained through an analysis of the feed beer particle 
concentrations
» A stu d y  of th e  m em b ran e  fouling layer  co m p o s it io n s  s h o w s  th a t the  
layer co n s is ts  primarily o f  carb oh yd rate  with sm all q u an tit ie s  o f  
both protein and polyph en ol. From th e  in vestiga tion  it is p oss ib le  
to  s u g g e s t :
-  At the operating conditions selected, crossflow velocity has no impact on 
the composition of the foulant material deposited
-  An observed variation in composition, when filtering with yeast (0.2  
Wt.%) may be caused by the presence of yeast cells in the membrane 
fouling layer. This presence does not appear to significantly influence the 
filtration kinetics
School of Engineering
in the Environment Brewing Research International
Engineering Doctorate in Environmental Technology
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1. Introduction
Carbon fibre membranes, developed by SGL Carbon limited have shown excellent 
potential for use in crossflow filters. This has been seen during investigations at Bath 
University, under the supervision of Prof. John Howell. The studies carried out at 
Bath were at low trans-membrane pressures and low crossflow velocities. The results 
suggested that given the right experimental conditions, continuous, high levels of flux 
(volumetric flow-rate through the membrane per unit membrane area) could be 
achieved without fouling the membrane. These studies also produced some 
qualitative evidence to suggest that the colloidal stability of the filtrate was excellent 
and that the overall quality (colour, flavour) of the beer was not impaired by the 
filtration process. However, these studies were carried out at one filtration 
temperature with one type of beer. The filtration conditions also differed from a 
brewery in that oxygen could not be excluded from the process. This may prove 
crucial as oxygen plays an important role in the polymerisation of polyphenols. 
Polymerised polyphenol reaction with protein can result in haze formation and loss of 
colloidal stability. It has also been observed that protein and polyphenol are 
important components found in the fouling layers formed on surface of the membrane. 
[1]
It was the aim of this study to provide support data to Bath University and to evaluate 
the feasibility of carrying out a larger scale evaluation at BRi. The investigations 
proposed by BRi aimed to evaluate the membrane performance for a different beer, at 
hydrodynamic conditions similar to those previously studied and at two different 
filtration temperatures. For all experiments it was desirable that oxygen was excluded 
from the system to a level within brewery limits (<200ppb).
The membrane performance was evaluated quantitatively by studying flux profiles 
during filtration and by using Photon Correlation Spectroscopy (PCS) to determine 
the total number of sub-micron particles in each filtrate sample. This application of 
PCS is an indicator of colloidal stability (i.e. the potential for the beer to form haze at 
some later point prior to reaching the consumer). The effect of filtration on beer 
colour was also qualitatively assessed.
Page 1
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It was proposed that beers from two parts of the brewing process were tested. This 
would give a broad indication of the membrane performance when filtering beer of 
different particle size distributions as well as when filtering at different temperatures. 
Beer particle size distribution and filtration temperature are two criteria that have, 
previously been shown to be crucial in determining the viability of membrane 
filtration technologies [2].
2. M a te r ia l s  a n d  M e th o d s
Figure 2.1 is a simplified process flow diagram of the modified stirred cell, designed 
to operate in an anaerobic environment.
Prior to filtration, the oxygen-free environment was achieved by passing distilled, 
deionised and de-aerated water through the system. This water was then purged using 
CO2 . Beer was then transferred from the sealed keg into the filtration cell. The 
filtration temperature was controlled by maintaining the temperature of the feed and 
by a temperature controlled glycol jacket surrounding the filtration cell and filtrate 
collection vessel.
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Once the beer had been transferred to the cell, the required IMP was applied using 
pressurised CO2 from a cylinder. The length of the filtration run was fixed at 30 
minutes. However, should all of the beer be filtered within this time(~250 ml), then 
the run was ended. Crossflow velocity was simulated using a magnetically propelled 
agitator, suspended ~lmm from the surface of the membrane. The range of operating 
tip speed for this agitator was 0 -  1000 rpm. In all experiments detailed here the tip 
speed was set at 800 rpm.
After each run, the bulked filtrate was collected for particle size analysis. The 
filtration rates were analysed using data recorded from the balance. The particle size 
analysis was carried out using a M alvern  Photon Correlation Spectroscope (PCS). 
This produced a total concentration of sub-micron particles; an indication of colloidal 
stability. Each sample was well mixed before being pre-filtered in a 5 pm syringe 
filter. This should have no influence on these results as the tolerance of the membrane 
is greater than 5 pm. This procedure served to ensure that any large particles (such as 
dust) did not enter into the analyser. Dust and similar large particles have adverse 
influence on the accuracy of the spectroscope. From each filtrate sample and feed 
sample 10 PCS readings were obtained. These readings were averaged.
Oxygen concentration of the filtrate beer was measured using a M odel 26073  
O bisphere fro m  O bisphere Laboratories. During filtration, readings were taken every 
2 minutes and an average O2 content of the beer was determined.
The packaged beer, used for comparison purposes, was fresh, 1 day old, canned beer 
taken from the same brewery as our feed sample. As a consequence, it is 
representative of the typical levels of sub-micron particles (and hence colloidal 
stability) achieved by their current filtration technology.
After each experimental run, the rig was thoroughly cleaned with distilled and 
deionised water. A new membrane was used in each test. The carbon membranes 
were cut, using a specially made cutter from the membrane sheets supplied by SGL 
Carbon.
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As an aid in our understanding of the performance of the carbon membranes, a 
polymeric, 0.45|rm Mixed Esters of Cellulose membrane was used in a control 
experiment. Each control experiment was carried out using the sample experimental 
conditions as their corresponding carbon membrane tests. The polymeric membrane 
had been used many times at BRi in crossflow filtration experiments. It had been 
found to exhibit the most consistent fluxes when operating with a range of beers and 
experimental conditions. These membranes were available commercially from 
M illipore  membrane manufacturers.
3. Experimental Details
The beer used in these investigations was a commercial produced lager-type product. 
The basic properties of the beer are shown in Table 3.1. This beer was obtained 
directly from the brewery.
Description Commercial
Standard Lager 
pH 4.1 ±0.2
Colour (°EBC) 16 ± 2
Ethanol (% vol./vol.) 6.4 ±0.2
Bitterness (BU) 20 ± 2
Present Gravity 1.01 ±0.02
Table 3.1.: Basic properties of the feed beer
This beer was available from two different sources within the brewery. These 
different sources corresponding to different levels of processing. Beer was taken 
directly from the fermentation vessel or directly from the cold conditioning vessel. 
Beer from the fermentation vessel contained a significant quantity of yeast and had 
not had time for the haze type material to fully develop*. Beer from the conditioning 
vessel had been centrifuged and therefore contained little yeast but it had been stored 
at low temperature to allow haze type material to develop and precipitate*. Both 
sources were used in the investigations. Table 3.2. details the planned experimental 
conditions for this preliminary investigation.
* P v  ^fermentation beer without subsequent treatment can be referred to as green beer.
* After conditioning and prior to filtration the beer can be referred to as rough beer.
Page 6
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Experiment Membrane Beer Source Operating
TMP
Operating
Temperature
Notes
A SGL Carbon Post-
Fermentation
-0 .04  bar (40 
cm H20 )
<5°C Repeated
B 0.45 pm 
Polymeric
Post-
Fermentation
-0 .04  bar (40 
cm H20 )
<5°C Control experiment 
for above
C SGL Carbon Post-
Fermentation
-0 .04  bar (40 
cm H20 )
~20°C Repeated
D 0.45 pm 
Polymeric
Post-
Fermentation
-0 .04  bar (40 
cm H20 )
~20°C Control experiment 
for above
E SGL Carbon Post-Cold
Conditioning
-0 .04  bar (40 
cm H20 )
<5°C Repeated
F 0.45 pm 
Polymeric
Post-Cold
Conditioning
-0 .04  bar (40 
cm H20 )
<5°C Control experiment 
for above
G SGL Carbon Post-Cold
Conditioning
-0 .04  bar (40 
cm H20 )
~20°C Repeated
H 0.45 pm 
Polymeric
Post-Cold
Conditioning
-0 .04  bar (40 
cm H20 )
~20°C Control experiment 
for above
Table 3.2. : Planned experimental conditions for preliminary investigation 
4. Results and Discussion
4.1. Beer Post-Fermentation, Investigations (Experiments A to D)
Beer, post-fermentation contains a large number of yeast particles which can, in some 
cases increase the filterability of a beer during crossflow filtration1. In the case of this 
particular sample, the yeast content was particularly high and total solids content 
estimated at greater than 1 %  weight.
4.1.1. Cold-Filtration Experiments (Experiments A and B)
At the desired TMP of -0.04 bar (40 cm H2O) no filtrate flow was achieved. These 
conditions remained for 7 minutes. After 7 minutes the TMP was increased to -0.30 
bar and still no filtrate flow was achieved. The TMP was held at were then held for a 
further 8 minutes until finally the TMP was increased again to -1.00 bar. This also 
had no impact on the filtration and after a further 10 minutes the investigation was 
abandoned without achieving any filtrate flow. This protocol was repeated 2 further 
times with identical results.
As a consequence of these initial investigations it was decided not to carry out a
polymeric membrane ‘control’ filtration under these conditions. Instead, a standard
filterability test was carried out on the problematic beer. The purpose of this was to
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evaluate the filterability of the green beer against previous BRi data. Through 
comparison it should be possible to qualitatively assess if the problem is with the beer 
or the membrane. Details of this methods are included in O 'Shaughnessy and  
D urosinm i-E tti [2]. The results of this evaluation was a Vmax value of 40 ml (Vmax is 
an indicator of the total volume filterable in infinite time). When compared to other 
beers (Typical values are in the region of 100-400 ml) this was very low and would 
indicate that this is a ‘problem’ beer for filtration.
4.1.2. Warm Filtration Experiments (Experiments C and D)
Because of the problems found with filtering the beer cold, warm evaluations were 
suspended. The reduction in viscosity due to increased temperature was thought 
unlikely to overcome the significant membrane fouling problems with this beer.
4.1.3. Beer Post-Fermentation Discussion
It is probable that both the overall poor filterability and solids content had a very 
detrimental effect on the experiments carried out using the carbon membranes to filter 
green beer. The combination of large and small carbon fibre stands, of which the 
membrane is composed, may prove to be very effective in trapping large particles 
(such as yeast). It is postulated that because of this irregular structure, these particles 
would not be susceptible to the crossflow forces and that they quickly foul the 
membrane.
4.2. Beer Post-Cold Conditioning Investigations (Experiments E to H)
Due to the problems filtering the green beer, the initial task of this investigation was 
to ensure that filtrate flow was achievable. Simple tests were carried out to see at 
which TMP filtration would be possible. At low a TMP of -0.04 bar (40 cm H2O), 
with the majority of membrane samples, breakthrough could not be achieved. 
However, when the TMP was raised to -0.1 bar (90 - 100 cm H2O) filtrate 
breakthrough occurred with all the samples tested. Therefore, to ensure that filtration 
would occur, the TMP was raised above the recommended level of 0.04 bar 0.10 bar. 
Despite the increase, TMP’s in the region of 0.10 bar are an order of magnitude lower 
that those previously investigated by the brewing industry.
Page 8
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4.2.1. Cold Filtration Experiments (Experiments E and F)
The results from 2 cold filtration trials along with those from the control membrane at 
identical conditions are shown in figures 4.1. and 4.2. These results show good 
repeatability in the two evaluations carried out on the carbon membranes and both 
show enhanced fluxes over those which could be achieved with a typical polymeric 
membrane. The pseudo steady state fluxes that were achieved are in the realm (-100 
litres/m2.hr) which makes crossflow filtration an economically viable option for the 
industry.
Using Vmax to interpret the long-term filtration performance of the carbon membranes 
is invalid in this situation. This is due to low levels of fouling and therefore the t/V 
against t relationship approaching horizontal (see figure 4.2.). In this region the 
gradient of the line are sensitive to small changes in the data and the method 
collapses. This is a short-coming of the technique and Vmax interpretations are only 
feasible for medium to high fouling systems. It should also be noted that the Vmax 
values attained here are at the experimental conditions and not at the ‘filterability test’ 
test conditions described in O 'Shaughnessy and  D urosinm m i-Etti [2]. Limitation of 
the application of application of the standard Vmax filterability test will be discussed in 
section 4.2.3.
Figure 4.5. shows the total sub-micron particles present in the feed and filtrate 
samples when compared to the data from a bright, packaged sample of the sample 
beer. These data show that the carbon membranes are capable of reducing the number 
sub-micron particles to levels similar to those seen in packaged bright beer samples. 
Assuming this analysis is one indicator of colloidal stability, the membranes show 
promising performance. Qualitative inspection of the feed and filtrate samples shows 
no observable colour change in either of the two carbon membrane filtered samples
Qualitative inspection of the samples after 48 hours chilling at 4°C showed no visible 
haze formation in any of the filtrate samples.
Page 9
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4.2.2. Warm Filtration Experiments (Experiments F and G)
The results from the 3 warm filtration trials along with those from the control 
membrane at identical conditions are shown in figures 4.3. and 4.4. The flux levels 
achieved in these experiments are consistently higher than those in the cold filtration 
(pseudo-steady state fluxes have increase by a factor of 2 - 3 ) .  However, the 
repeatability of the experiments is not as good and the second test exhibits some 
strange behaviour. The increase and then decrease in flux during pseudo-steady state 
can only be attributed to membrane damage or membrane inconsistency. The issue of 
membrane inconsistency is supported by the initial investigation into TMP (See 
section 4.2.1). In these cases, the pressure at which filtration breakthrough occurred 
varied from membrane to membrane also indicating some degree of inconsistency. It 
can be seen, however, that all of the membrane exhibited higher fluxes than those 
attained with the ‘control’ polymeric membrane.
Interpreting the data using the Vmax methodology (Figure 4.4.) results in similar 
problems to those encountered with the cold filtration: lack o f fouling prevents 
effective determination of long-term filtration characteristics.
The PCS data (Figure 4.6.) indicate that the warmer filtration has removed even more 
potential haze material than the cold filtration. This is in contrast to what was 
expected. From conventional theory, one would expect more potential haze to be 
removed at the lower temperatures were the haze material has been precipitated from 
solution. The material could then be removed using conventional sieving 
mechanisms. These results suggest a much more complex interaction between the 
haze material and the carbon membrane, which improved colloidal stability. This 
finding may also support the earlier work at Bath University in which it seemed 
excellent colloidal stability was achieved when filtering warm.
Similar to the cold carbon membrane filtration, no colour changes or post-chill (4°C 
for 48 hrs) colloidal stability problems were observed. The polymeric filtrate sample 
had a slight reduction in colour, probably due to residual water in the filtrate line.
Page 10
Confidential Industrial Report 1
4.2.3. Post-cold conditioning discussion
Once the larger particulate material had been removed (centrifugation), the 
membranes seemed to have excellent properties for the removal of both residual solid 
and potential haze materials. The was true for both cold and warm filtration where 
the sub-micron particle counts are all less than a bright, packaged sample of the same 
beer. For all conditions the fluxes attained were very good, close to, if  not exceeding 
suggested economically viable levels. They were all far better than the ‘control’ 
polymeric membrane.
The substantial increase in flux at high filtration temperatures could be partly 
explained by the reduction in viscosity. However, this does not explain the apparent 
reduction in potential haze that occurs simultaneously.
The Vmax approach for determining beer filterability was not appropriate for studying 
the carbon membranes performance. The principle reason for this is that the theory 
upon which the Vmax calculations are based assumes that after an initial period the 
fouling follows the standard blocking model for filtration as originally described by 
H erm ia  [3]. Given the complexities of both the process fluid and the membrane this 
is highly unlikely. Homogeniety problems with the membrane and possible 
membrane disruption during the filtration runs will also invalidate any use of the Vmax 
calculation.
In all experiments the dissolved oxygen concentration ranged between 27 and 120 
ppb. This was within the stringent brewery limit of 200 ppb
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Figure 4.1.: Post-Cold Conditioning, Cold Filtration, Filtration Curves
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Figure 4.3.: Post-cold conditioning, Warm Filtration, Filtration Data
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5. Conclusions
• The carbon membranes do not appear effective in filtering beers with a large 
amount of suspended solids and/or those that exhibit poor filtration characteristics 
with other membranes under the experimental conditions tested.
• The carbon membranes are effective in filtering rough beer, post-conditioning. 
The filtrate can be attained at high rates (>1001itre/m2.hr) with excellent removal 
of sub-micron particles that are considered to be responsible for long-term haze 
formation. This is true both at low (<5°C) and high (~18°C) temperatures and 
without the presence of O2 .
• Complex interactions between the rough beer and the carbon membrane may be 
responsible for reduction in haze forming potential when filtering. This effect is 
more pronounced at high filtration temperatures.
• The membrane sheets, when cut into smaller membrane areas appear to show 
some inconstancy in their structure and hence raise questions about their filtration 
performance.
• Higher filtration rates at higher temperatures may be due to viscosity reduction 
effects.
• Vmax is an invalid tool for interpreting filtration performance with the carbon 
membranes when filtering rough beer.
• Filtration at low oxygen concentrations did not reduce the colloidal stability of the 
filtrate as been observed with some systems.
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1. Introduction
Carbon fibre membranes, developed by SGL Carbon/HITCO are currently being 
evaluated at Brewing Research International for crossflow filtration applications. An 
initial, exploratory phase of the project has been completed, evaluating small areas of 
the membrane using a simple stirred cell [1]. This work demonstrated the potential 
for carbon membranes to be used in the filtration of beer to give a clarified product at 
both high and low temperature. The second phase of the project involves evaluating 
the membrane on a larger scale using a modified plate and frame filter. This phase is 
to include detailed filtrate analysis.
Together with all investigations carried out to-date, this report covers the 
developments in the membrane sealing methodology for use within a modified plate 
and frame filter. The sealing protocols that have been developed will be used in all 
the remaining experimental investigations.
This project is currently running in parallel with similar studies at Bath University and 
with membrane manufacturing developments at SGL carbon, America and Technical 
Fibre Products (TFP), UK. The project is managed by Materials and Separation 
Technology (MAST) International Ltd. UK.
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2. Materials and Methods
Figure 2.1. is a process flow diagram of the anaerobic crossflow filtration rig used to 
evaluate membranes prepared by SGL Carbon.
Retentate sample
Heat
exchanger
point
0 4
To
drain
Control
valve
Feed pump
->tXH
Membrane”  
Feed sample Module 
point
Data Logging
CIP
Tank
Filtrate pumpV V
Filtrate Sample 
PointFeed
Vessel
To drain
drain
Figure 2.1.: Process Flow Diagram of the Anaerobic Crossflow Filtration Unit
The membrane module is constructed from a plate and frame C arlson  filter module in 
which the membranes are mounted on a modified filter plate. This modified plate and 
frame filter is shown in Figure 2.2. A photograph of the modified filter plate mounted 
within the filter module is also presented in Figure 2.3.; it shows basic flow paths of 
the feed and filtrate beers in and around the module.
The individual filter plates in the module were sealed using C arlson  kieselguhr 
impregnated filter sheets with a nominal pore size of 5.5pm. One of these sheets is 
also indicated in Figure 2.3.
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Figure 2.2.: Scale Diagram of Distribution Plate (Scale 1:4)
Figure 2.3.: Photograph of membrane module (With beer flow paths)
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For the experiments presented in this report, the temperature was controlled using a 
small shell-and-tube heat exchanger on the retentate line. The shell side of the 
exchanger was fed with glycol cooled to -10°C in an Amur op chiller unit. It was 
controlled using a CAS 9000 temperature controller that manipulated coolant flow 
through the shell using a solenoid valve. Crossflow velocity and feed-side pressure 
were controlled using a Hilge centrifugal pump (rated at 2 m3/hr and 2 barg) back 
pressured with a regulator valve. At constant crossflow velocity, temperature and 
inlet pressure, beer was drawn through the membrane by a GEC Small Engineering 
positive displacement pump. The withdraw rate (flux) was kept constant. The 
transmembrane pressure (TMP) thus varied with time and was monitored using a 0 -  
100 psig ( 0 - 7  barg) pressure transducer linked to a computer through a VIPS data 
collection pod and software. Feed inlet and retentate outlet pressures were monitored 
using 0-86 psig ( 0 - 6  barg) WIKA pressure gauges. Dissolved oxygen content in the 
filtered beer was measured using an inline Orbisphere Laboratories oxygen sensor. 
This sensor has a range of 50ppb to lOOppm.
The beer used in the experiments was commercial lager obtained directly from the 
cold-conditioning tank of a UK brewery. Prior to experimentation this beer was 
stored at 4°C in a constant temperature room. It was known that prior to conditioning, 
the brewery centrifuged their beer to remove virtually all of the yeast. To investigate 
the influence of yeast on filtration performance, it was dosed back into the beer at a
0.5g yeast/litre beer. The yeast was in the form of a concentrated slurry taken from 
BRI’s pilot brewery. This was to simulate beer filtration in breweries which do not 
use a centrifuge. When used, this practice produced yeast concentrations between 1 to 
10 million cells per ml which is typical of loadings seen in breweries that do not use 
centrifugal separation for yeast removal.
The particle size distribution in the feed and filtrate samples were analysed using a 
Coulter Multisizer II particle size analyser. Two tubes were used in the Coulter 
Multisizer, each with a different orifice size, a 140pm and a 20pm tube. The 140pm 
tube is used to measure particles between 3 pm and 40pm: the 20pm tube is used to 
measure particles between 1pm and 4pm. All samples were also inspected visually
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prior to any electronic size analysis. This visual inspection gives a qualitative 
measure of the clarity or ‘brightness’.
In addition to particle size analysis, full beer analysis according to EEC standards was 
carried out on beer samples from Experiment 1. Both feed and filtrate samples were 
taken 1 hour after starting the experiment.
In each experiment, the rig was first purged with CO2 in an attempt to minimise 
oxygen ingress into the filtered beer. The feed beer was then transferred from a 50 
litre keg into the feed vessel and the experiment started. In all experiments the desired 
crossflow velocity and feed pressure were attained before filtration was commenced. 
The unit itself was completely pressured up to the point of the filtrate draw pump. 
This was to minimise any ‘pressure shocking’ of the membrane as filtration was 
started.
During the experiment permeate pressure was logged automatically through the data 
acquisition card. Other variables (inlet and outlet pressure, feed rate, filtrate rate, 
dissolved oxygen concentration and temperature) were logged manually at 15 minute 
intervals. Transmembrane pressure (TMP) was calculated from the following 
equation.
TMP =
_ i _ p  ^  
in out
X “ P p erm  ( 1 )
The times at which the feed and filtrate samples were withdrawn for particle size 
analysis were noted and these times are presented with the relevant size data in 
Section 3.
At the end of a run the rig was emptied of beer, the membrane plate removed and then 
the rig was cleaned using 2.0 wt% NaOH solution at 80°C. After cleaning, the rig was 
rinsed with H2O until the pH in the membrane module feed line returned to neutral. 
The membrane was inspected visually after removal from the distribution plate.
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Table 2.1. gives a summary of the experimental conditions under which the 
membranes were evaluated. In all cases the process conditions (flux, crossflow 
velocity, feed side pressure) were kept as constant as possible. The most significant 
variation from experiment to experiment was the membrane sealing methodology.
Descriptions of the varying membrane sealing methodologies are included in Table
2.1. Figure 2.4. is a diagram of the finalised membrane sealing protocol for the 
carbon membranes. This was the protocol used in Experiments 4, 5 and 6.
Reciever Plate5.6pm Filter Sheet
Silicone
Stainless Gauze
Sealant Crossflow Plate
Carbon Membrane
Figure 2.4.: Membrane Sealing Protocol
2.1.1. Additional Studies
To ensure that the responses seen in Experiments 4 and 5 were solely due to the 
membrane and not due to the kieselguhr filter sheet used to seal between the plates, 
Experiment 6 was carried out. In this experiment, the module was prepared in an 
identical fashion to Experiments 4 and 5 but the membrane was not put in place. The 
response seen was therefore due to the kieselguhr filter sheet alone.
To investigate further the results of Experiments 4 and 5 a series of small scale 
evaluations using the stirred cell apparatus [1] were carried out. A polymeric 
membrane, nominal pore size 0.45pm, (mixed esters of cellulose) was compared with
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a sample from each of the carbon membranes used previously in Experiments 4 and 5. 
All three samples were evaluated by measuring the initial clean water fluxes, 
measuring the beer fluxes when filtering the ex-conditioning beer at constant TMP 
and also by analysing the filtrate using the Coulter Counter with the 140pm tube. All 
filtrations were carried out at <5°C, lOpsig TMP and at an impeller speed of 750 rpm.
The 0.45pm, mixed esters of cellulose membrane was used as a standard. Many small 
scale evaluations have been carried out at BRI using this membrane. It has been 
found to produce a ‘bright’, clear product at reasonable fluxes 
(~70 to 80 litres.m'2 hr"1 at asymptotic value).
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3. Results and Discussion
3.1. Results
3.1.1. Experiment 1
The variations in transmembrane pressure (TMP) and temperature over the duration of 
Experiment 1 are presented in Figure 3.1. These data show that the TMP remained at 
a value of ~ 0.05 bar over the duration of the experiment. Over the same time period 
the feed temperature of the beer increased from 16 to 23 °C. Comparisons of the feed 
and the filtrate particle size distributions are presented in Figure 3.2. The particle size 
distributions are very similar over the range of 3 -  30 pm. The flux was kept constant 
at 145 litres m'2 hr’1 for the duration of the experiment.
The beer analysis carried out as part of this experiment is presented in Table 3.1. The 
results correspond to typical data for an ex-centrifuge beer from this brewery. There 
is little variation between the feed and the filtrate samples supporting the findings 
from the particle size analysis.
25 2.4
2.2
2 <520
O
Q_
1.2 o
E
CD
5
0.8 o 
0.6 |
0.4 £
0
0.2
0
0:00 0:30 1:00 1:30 2:00 2:30 3:00
Time (hr:mm)
Figure 3.1.: Experiment 1: TMP and Temperature Variation
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1.40E+04
1.20E+04
1.00E+04
8.00E+03
6.00E+03
4.00E+03
2.00E+03
O.OOE+OO
3 6 9 12 15 18 21 24 27 30
Particle Size (jim)
— Feed — Filtrate
Figure 3.2.: Experiment 1: Feed and Filtrate Particle Size Distributions
(Samples taken after Ihr)
Feed Filtrate
Colour (°EBC) 20.6 20.1
P.G. (°P) 6.45 6.23
HRV (Rudin) (sec) 89 84
Haze (EEC) 7.60 6.91
Viscosity (cP) 1.80 1.80
SASPOL 3.3 3.0
Table 3.1.: Experiment 1: Complete Feed and Filtrate Beer Analysis 
(Samples taken after Ihr)
3.1.2. Experiment 2
TMP and temperature variation in Experiment 2 are presented in Figure 3.3. They 
show similar responses to those seen in Experiment 1. TMP remains at a constant 
value of ~ 0.05 bar over the 2 hour experiment period whilst temperature increases 
from 12 to 22 °C. In this experiment the flux was kept constant at 145 litres m"2 hr"1 
for the first hour. At the end of the first hour the flux was doubled to 290 litres m"2 hr"
Page 10
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l. These conditions remained fixed until the experiment was terminated after a total 
run time of 2 hours. Doubling the flux had no influence on the TMP response.
Feed and filtrate sample size distributions are presented in Figure 3.4. The size 
distribution of each of these is not accurately comparable as the two samples were 
analysed using tubes with different orifice diameters. The feed sample was analysed 
using a 140pm tube producing an accurate analysis over the range 3 to 100 pm. The 
filtrate sample was analysed using a tube with a 20pm aperture producing a 
distribution accurate in the range of 0.5 to 20pm. Figure 3.4. is the best possible 
comparison of the two samples, given this variation in the analysis. The results show a 
very similar concentration of particles <5pm in size. Comparison of sizes greater than 
this are difficult because the detection limits of the 20pm tube (filtrate sample) has 
been reached.
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Figure 3.3.: Experiment 2: TMP and Temperature Variation
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Figure 3.4.: Experiment 2: Feed and Filtrate Particle Size Distributions
(Samples taken after Ihr)
3.1.3. Experiment 3
TMP and temperature variation for Experiment 3 are presented in Figure 3.5. In this 
experiment the TMP again remained at ~ 0.05 bar for the duration of the experiment. 
Similar to the previous two experiments the temperature increased, rising from 10 to 
20 °C. The flux was kept constant at 145 litres m*2 hr'1.
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Feed and filtrate particle size distributions in the range 3 - 30pm are presented in 
Figure 3.6. They show a similar distribution to each other, however, the concentration 
of particles in the filtrate sample has been reduced by -30%. This is across the full 
analytical range of 3 -  30 pm.
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Figure 3.5.: Experiment 3: TMP and Temperature Variation
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Figure 3.6.: Experiment 3: Feed and Filtrate Particle Size Distributions
(Samples taken after Ihr)
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3.1.4. Experiment 4
The variations in TMP and temperature are presented in Figure 3.7. The temperature 
response is very similar to that seen in the previous experiments, rising from 10 to 
20°C. However, the TMP response does differ. Similar to Experiments 1, 2 and 3, 
remained at a constant at low level of -0.05 over the first 2 hours of the experiment. 
However, after 2 hours the TMP increased rapidly by approximately 0.8 bar in 20 
minutes. At this point in the experiment the unit began to leak and the experiment 
was terminated. During this experiment the flux remained at a constant 145 litres m" 
2 hr"1. Comparison of the feed and filtrate particle size distributions are presented in 
Figure 3.8. These show clearly that the filtration had removed significant quantities 
(-80%) of particles in the size range 6 -  12pm. Despite this significant particle 
removal, the samples still appeared cloudy.
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Figure 3.7.: Experiment 4: TMP and Temperature Variation
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Figure 3.8.: Experiment 4: Feed and Filtrate Particle Size Distributions
(Samples taken after Ihr)
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3.1.5. Experiment 5
The variation of TMP during Experiment 5 is presented in Figure 3.9. This shows a 
rapid increase in TMP during the first 50 minutes of the experiment before the TMP 
settles to an asymptotic value of 2.4 bar. The TMP stayed at this level for the 
remaining 2 hours of the experiment.
The feed temperature of the beer increased from 14 to 19°C during the 230 minute 
duration of the experiment. The permeate pump was set to withdraw filtrate at a 
constant rate of 145 litres m"2 hr"1.
Analysis of feed and filtrate samples taken at different time intervals during 
Experiment 5 are presented in Figures 3.10 and 3.11. The feed samples of rough 
unfiltered beer (Figure 3.10.) show very similar distributions to the samples taken in 
the first hour of the experiment. These feed samples taken after this point indicate a 
higher concentration (-20%) of both fine and larger particles.
The filtrate samples (Figure 3.11.) show a steady decrease in the particulate 
concentration over the first hour of the experiment. After the first hour, the filtrate 
particle size distributions remained constant. In all the filtrate samples a significant 
quantity (>80%) of the particles in the beer had been removed by the filter. Similar to 
the previous experiment, the particle size data indicated significant particle retention 
but upon visual inspection the filtrate sample were observed as cloudy.
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Figure 3.9.: Experiment 5: TMP and Temperature Variation
3.00E+05
2.50E+05
2.00E+05
® 1.50E+05
1.00E+05
5.00E+04
0.00E+00
3 6 9 12 15 18 21 24 27 30
Particle Diameter (jam)
 Rough 1  Rough 2  Rough 3  Rough 4
Figure 3.10: Experiment 5: Feed Particle Size Distributions
(Samples taken: 1 - Start, 2 - 0.5hr, 3 - Ihr, 4 - 2hr)
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Figure 3.11.: Experiment 5: Filtrate Particle Size Distributions 
(Samples taken: 1 - Start, 2 - 0.5hr, 3 - Ihr, 4 - 2hr)
3.1.6. Experiment 6
Temperature and TMP variations over the duration of Experiment 6 are presented in 
Figure 3.12. These data show a constant TMP of -  0.05 bar whilst temperature 
increased from 12 to 20 °C over the 3 hour duration of the experiment.
Feed and filtrate analysis from Experiment 6 are presented in Figures 3.13. and 3.14. 
The results show that the particle size distribution of the feed beer remained constant 
during the experiment. However, the filtrate particle size distribution was gradually 
being reduced to a point were -30% of the particles, across the full range of 3-3 0pm 
had been removed by the filter. This removal of particles did not correspond to a 
noticeable increase in TMP.
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Figure 3.12.: Experiment 6: TMP and Temperature Variation
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Figure 3.13.: Experiment 6: Feed Particle Size Distributions
(Samples taken: 1 - Start, 2 - 0.5hr, 3 - Ihr, 4 - 2hr)
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Figure 3.14.: Experiment 6: Filtrate Particle Size Distributions 
(Samples taken: 1 - Start, 2 - 0.5hr, 3 - Ihr, 4 - 2hr)
3.1.7. Additional Studies
Clean water fluxes for the three membranes evaluated using the stirred cell [1] are 
presented in Figure 3.15. The fluxes for the two samples of carbon membrane as 
previously used in Experiment 5 are shown along with that for a polymeric membrane. 
The clean water fluxes obtained with the second carbon membrane (22,000 ± 
2,500 litre m^hr'1) are approximately double those observed with the first carbon 
membrane (12,500 ± 2,300 litre m^hr"1) and the polymeric membrane (11,000 ± 
1,000 litre m‘2hr-1). The first carbon membrane result and the polymeric membrane 
result are comparable.
The flux decay data are presented in Figure 3.16. These data show a clear decline in 
flux for the carbon 1 membrane sample and the polymeric membrane which was used 
as the comparative standard. Comparing only these data suggests that the carbon 1 
membrane had both higher initial and asymptotic flux values. The other carbon 
membrane sample (2) showed extremely high fluxes, to the point where the 200ml
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beer sample used in the evaluation passed through the membrane in less than 10 
seconds.
Particle size distributions of the feed beer sample and the three filtrates all produced 
with the three different membranes are shown in Figure 3.17. The variation in the 
membrane selectivity is clear with the polymeric membrane removing virtually all of 
the particulate matter from the beer. The Carbon 1 membrane removed the majority 
of the material and the Carbon 2 membrane removed very little from the feed. Visual 
inspection of the three filtrate samples showed the polymeric sample to be ‘bright’ and 
clear, the sample from Carbon 1 to be notably clearer than the feed but still ‘cloudy’ 
and the Carbon 2 sample to differ very little to the original feed.
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Figure 3.15.: Stirred Cell Study, Clean Water Fluxes
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3.2. Discussion
3.2.1. Experiments 1 to 3
Experiments 1 to 3 all show similar responses. The TMP did not increase 
significantly over the duration of the experiment and the feed and filtrate particle size 
distributions were very similar. This suggested that in each of these three tests the 
beer was able to by-pass or pass the carbon membrane without particle removal or 
fouling. In Experiment 1, where the membrane was just held in place by mechanical 
forces it is likely that the beer was able to pass around the membrane. In Experiments 
2 and 3 after visual inspection of the membrane there was evidence of the fibres 
becoming separated as the membranes lifted into the vacant space between plate and 
filter sheet. This is the probable cause of the experimental observations.
The analytical data from the beer samples of Experiment 1 (Table 3.1.) indicated no 
significant influence of filtration on the beer properties. However, as discussed, in 
this experiment it was unlikely that the beer passed through the carbon membrane. It 
was at this point that the detailed analysis of the beer samples was ceased. This was 
until the operational and membrane manufacturing problems could be eradicated.
3.2.2. Experiment 4
The type of response observed in this experiment has also been seen in other constant 
flux experiments published in the literature. The almost constant TMP, followed by a 
rapid increase has been noted in other constant flux investigations studying relatively 
low fouling systems [2, 3]. A study of the membrane surface during the initial low 
fouling regime suggested that there is a gradual build up of macromolecules at the 
pores of the membrane. This build up is slow and has little or no impact on the 
membrane resistance. However, once the concentration of macromolecule reaches a 
critical level more and more macromolecules begin to be deposited rapidly. Such 
depositions result in a increase in membrane resistance, reflected by the observed 
increase in TMP. In a similar study with a particle based system [4], it was also 
observed that significant deposition could occur without the TMP response being
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effected. Only after the concentration at the membrane surface reached a significant 
level did the TMP increase. Although there was no direct observation of the 
membrane in this experiment it is possible to postulate that a similar mechanism is at 
work. Beer used in this experiment contained both particles and macromolecules. 
Given this response it is also highly likely that the membrane integrity was retained 
over the duration of this experiment. This is supported by the particle size data which 
suggest that upwards of 80% of the particulates have been removed. Despite this 
removal, the filtrate was still observed as cloudy.
3.2.3. Experiment 5
Experiment 5 shows completely different TMP response to that seen in experiment 4. 
Despite this, the clarity of the product is very similar, approximately 80% of the 
particles have been retained by the membrane but the filtrate is still cloudy when 
visually inspected. Although a different response, the initial period of a high rate of 
TMP increase has also been observed in the literature [5]. This type of response tends 
to occur in high fouling systems. The 'tailing-off of the TMP response to reach an 
asymptotic value at 2.4 bar can be explained by a reduction in actual flux over that 
time period. The TMP response began to tail-off when the permeate pressure 
approached 0.3 barg. This is the point at which CO2 ceases to be in solution and 
bubbles are formed in the filtrate. As the permeate pump is a positive displacement 
pump, it will draw a fixed volume only. If this volume of beer is replaced by CO2 
then the actual flux rate will decline. At the end of the experiment it was noted that 
gas bubbles but no liquid were appearing in the permeate line and that the flux had 
probably declined to zero. This would fully explain the response.
The differences between the TMP responses of experiment 4 and experiment 5 could 
be explained by variations in the membrane material used. It was noted in the 
previous work that there appeared to be some variation in the membrane material 
which was resulting in inconsistent and problematic results [1]. To verify this, further 
work was also carried out. This is detailed in section 3.1.7. and discussed in section
3.2.6. It suggested that the membrane material was highly inconsistent. This could 
mean that one sheet of the carbon membrane could produce a response such as that 
seen in experiment 4 whilst another could equally produce a response similar to that
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seen in this experiment. Variations on the surface of the membrane could be observed 
with the naked eye and such variations could be responsible for variation in the rate of 
deposition of membrane foulants. Similarities in filtrate qualities could be explained 
by the quality of the filtrate being controlled by the membrane pore size and 
distribution whilst the filtration kinetics (TMP responses) are controlled by the 
membrane surface properties.
3.2.4. Experiment 6
The results from this experiment are very similar to those seen in Experiments 1, 2 
and 3. The TMP remained constant over the duration of the experiment and the feed 
and filtrate samples showed similar concentrations (given that the sheet is rated at 
5.5pm and hence will remove some of the yeast present). This supports the 
suggestion that in the first three experiments the membrane was not sealed correctly or 
the membrane was damaged in some way.
The increase in particle retention seen in this experiment suggested that the sheets 
were fouled by beer with a relatively high yeast concentration. However, this fouling 
was not enough to increase the resistance to flow and therefore it is possible to suggest 
that the presence of filter sheets had no influence of the filtration kinetics and little 
influence of the filtrate quality.
3.2.5. Temperature Responses
All the results carried out on the modified plate and frame rig showed a steady 
increase in temperature over the experimental run. This increase was typically from 
10 to 20°C. This may be explained by the large thermal mass of the system in 
comparison to the thermal mass of the beer. In all cases the beer temperature 
approached that of the room. The heat exchanger included in the system was not 
sufficient duty to lower the temperature of the beer. It has been found subsequently 
that this heat exchanger was designed to remove only the heat input from the pump 
and not to cool the process fluid below room temperature. Modifications to the 
existing heat exchanger or further heat exchangers will be required to lower the 
temperature further.
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3.2.6. Additional Studies
To investigate the carbon membrane performance in more detail, samples of the 
membrane used in experiments were also evaluated using the stirred cell apparatus as 
described in the report for Phase 1 of the project[l]. The results show that o f the two 
membranes evaluated, each gave completely different performances. With one of the 
sheets the beer passed straight through at high fluxes with little or no particle removal. 
With the other, the beer gradually fouled the membrane removing the majority of the 
particles. However, this filtrate appeared cloudy on visual inspection, in agreement 
with the observations from the larger scale rig As a comparison, the same beer was 
also filtered using a polymeric membrane (mixed esters of cellulose). This produced a 
bright, clear filtrate, but did so at lower fluxes.
4. Conclusions
The large scale tests proposed by BRI/SGL Carbon are now fully developed. The 
responses shown by Experiments 4 and 5 suggest the experimental apparatus and 
membrane sealing techniques are working effectively. Prior to this, either the 
membrane integrity or the sealing protocol may have been responsible for the poor 
filtration performances observed.
The stirred cell test, as used in Phase 1 of this project, has again shown that it is very 
effective in carrying out rapid assessments of the carbon membranes. It provides 
useful information regarding both the throughput, selectivity and consistency of the 
membrane.
Of all the membrane sheets evaluated thus far the sheets used in Experiments 4 and 5 
gave the best results. However, these results did not produce consistent TMP 
responses (probably due to variations in the membrane surface properties) and the 
membrane selectivity was not high enough to produce a ‘bright’ clarified product. 
The subsequent small scale evaluations of the membranes has shown that this 
relatively poor performance may be due to significant variation in the different
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membrane sheet filtration characteristics. This is likely to be due to scale-up problems
in the membrane manufacturing process.
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1. Introduction
Previous studies into the application of SGL membranes in the brewing industry have 
shown the membranes potential [1, 2] to replace diatomaceous earth filtration 
practices. Diatomaceous earth filtration is the current standard practice. Although the 
previous studies of these membranes have indicated the membranes potential, they 
were of limited applicability. The initial study was limited by the simple 
hydrodynamic regime in which the membrane was evaluated. The second study 
uncovered some engineering problems. These concerned the mounting of the 
membranes in a suitable module and problems with production of membrane material 
on a larger scale.
This study aimed to provide detailed information regarding the effectiveness of SGL 
Carbon membranes in beer clarification. The study was carried out using a specially 
designed module. The module exposed the membrane to true crossflow 
hydrodynamics. It was designed to use a small membrane area, meaning that the a 
single sheet of membrane could provide sufficient material in all tests. Despite using 
only a small membrane area, the apparatus was designed such that filtrate flux could 
still be controlled accurately and produce enough filtrate for clarity analysis (although 
no full beer analysis). The effectiveness of the membrane performance was assessed 
by looking at the Trans-Membrane Pressure (TMP) response when filtering at a 
constant flux. Filtrate clarity was assessed through sub-micron particle 
concentrations. Particles in this size range are principally macromolecules and 
analysis of these would give an indication of the membrane selectivity.
The beer evaluated was a commercial lager-type product. The brewing methods 
employed in the production of the beer were very typical of those employed in 
breweries world-wide. To fully understand the potential of the membrane, this beer 
was be collected from a number of different sources within the same brewery. These 
sources corresponded to different levels of processing. Should the membrane show 
the potential to clarify and stabilise the beer after only a minimum degree of brewery 
processing then the economic benefits for using the membrane would be greater.
On completion of the study, the client requested that a "commercial operation" type
experiment was carried out. The aim of the experiment was to subject the membrane
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to a number of filtering/cleaning cycles. The experiment was carried out using the 
beer from the same brewery. The source from within brewery depended upon the 
findings from the initial experiments. The beer source that gave the most favourable 
results was used. In an attempt to minimise membrane damage, it was proposed to 
clean the membrane with water.
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2. Materials and Methods
2.1. ‘Pod ’ Membrane Module
A diagram of the mounting and support for the sheet membrane used in the 
evaluations is shown as Figure 2.1.
43 mm diameter hole with 
1 x 2mm lip for membrane seal
Carbosep membranes. 47mm  
diameter
Glass fibre support 
Filtrate distribution disc
‘O’ ring seal 
Filtrate collection ‘pod’
Figure 2.1.: ‘Pod’ membrane module design
In all experiments the three separate, ‘pod’, membrane supports were used to provide 
sufficient membrane area for accurate control of the flux.
The flow channel for the process fluid was created by placing a corresponding block 
of nylon on top of the membrane support block. In this solid piece, a flow channel, 
50mm wide and 3mm high, had been machined. The overall length of the module is 
500mm. This includes an inlet channel length of -40 mean diameters (200mm) to 
allow for flow development and an outlet length o f -25 mean diameters (100mm) to 
minimise the impact of outlet conditions on the flow dynamics. The membranes are
Page 3
----------------------------------------------------------------- ——---------------------------- --------------------------Confidential Industrial Report 3
mounted as close to one another as possible so to minimise the influence of TMP 
variations caused by pressure drop along the flow channel.
The two nylon blocks were bolted together and end-capped. The seals were made 
using 1mm thick neoprene gaskets. Where appropriate these were recessed in the 
body of the module.
Variations in the particle and macromolecule concentrations in the-feed as it passes 
over the three separate membrane areas were assumed insignificant. This was 
because the rate at which filtrate is passing through the membrane was small in 
comparison to the rate of retentate/feed re-circulation through the channel (60 to 600 
litres hr'1 compared to 0.1 to 0.5 litres hr"1).
Provided significant quantities of filtrate were not removed, it was also assumed that 
the overall particulate and macromolecule concentration remains constant during any 
one test. In these data presented, the ratio of filtrate to retentate was typically 1:250.
The serial numbers of the membrane sheets used in all the investigations presented 
here are detailed, together with corresponding experimental operating conditions, in 
Table 2.1. New membranes were cut from the sheets for use in each test. Membrane 
sheets were stored in the sealed bags provided and kept at room temperature.
2.2. Crossflow Membrane Rig
All experiments were carried out using the ‘pod’ membrane module as shown in 
Figure 2.1., in the experimental rig shown in Figure 2.2.
The experimental rig was set up to operate in a constant flux mode of operation, with
fluxes fixed at the required level based upon a water calibration of the variable pump
speed. The pump used for the drawing of the filtrate was a Watson-Marlow, RH Flow
Inducer, type MHRE-200 (Peristaltic) with 1.6mm bore, 1.6mm wall thickness
platinum re-enforced silicone tubing (Watson-Marlow). The actual fluxes were
confirmed with a glass tube flow meter (Platon, 2 to 25 ml min'1). The readings on
this flow meter corresponded to membrane fluxes over the approximate range o f 25 to
300 litres m'2 hr"1. At high transmembrane pressures (Low permeate pressure) the
flux was maintained by slightly increasing the pump speed.
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Feed beer was re-circulated over the surface of the membrane using a Hilge (Type 
H Y GIA-SUPER-T/25 A) centrifugal pump rated at 2 m2hr~l and 2 barg. Flow rate 
entering the module was measured using a Burkert flow meter, type ST3 0/00030 
connected to a digital display. Both the total flow and feed pressure could be 
controlled accurately through a combination of the speed control of the centrifugal 
pump via an inverter and by applying a back-pressure to the re-circulation loop using 
a control valve. Within the pressure constraints of the experimental membrane 
module, feed flow rates corresponded to channel crossflow velocities in the range 0.1 
to 1.5 m s '1. Temperature was measured at the inlet to the module using a Type-K 
thermocouple linked to a CLR9000 temperature controller. This controller regulated 
flow of the ethylene glycol to the heat exchanger using the on-off control of a 
solenoid valve. Ethylene glycol was obtained directly from the pilot brewery supply 
at BRI and had a temperature of -3°C and feed pressure of 1.8 barg. The module inlet 
and outlet pressures were monitored with 0-86 psig ( 0 - 6  barg) WIKA pressure 
gauges. Permeate pressure was measured and logged using a 0-100 psig (0-6 barg) 
pressure transducer connected to a VIPS data collection pod and software. Permeate 
pressure readings were collected every 10 seconds during filtration. Permeate 
pressure was corrected for pipe losses prior to determination of the actual TMP.
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Retentate sample 
point
To
drain
Control
valve Heat
exchangers
Membrane
ModuleFeed
pump Feed sample 
point
CIP
Tank
Beer in
Filtrate
pumpFiltrate Sample 
PointFeed
Vessel To drain
drain
J
Figure 2.2.: Simplified Flow Diagram of the Crossflow Membrane Rig
2.3. Experimental Operation *
Prior to filling the feed vessel with beer, all the air was purged from the system. This 
was done by blowing carbon dioxide through the experimental apparatus for a period 
of 5 minutes. Beer was then transferred from a keg into the feed vessel using a carbon 
dioxide top pressure on the keg. The filtrate lines were charged with water to 
minimise any initial ‘pressure-shocking’ of the membranes and then the desired re­
circulation rate and pressure was established. Feed flow was built up carefully to 
minimise the shocking of the membrane and, where necessary, system pressure was 
increased using the flow control valve. The filtrate flow was then established by 
starting the pump. Permeate pressure was logged onto the PC from this point. No 
slippage was noted through the filtrate pump prior to start-up.
Data Logging
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Dissolved oxygen content in the filtered beer was measured using an inline 
Orbisphere Laboratories oxygen sensor. This sensor has a range of lOOppm to 
50ppb. In all experiments the oxygen concentration in the filtrate beer remained 
below the brewery limit of 150 ppb.
During the experimental run, temperature, inlet and outlet pressure, dissolved oxygen 
concentration, feed rate and filtrate rate were monitored manually every ten minutes. 
All experiments continued until the permeate pressure had reached ~0.3 barg. This 
was the point at which the beer had begun to foam and flux control had become 
impossible. Given a continually fouling system, the final TMP was therefore limited 
by the initial feed pressure. This, in turn, was limited by the mechanical strength of 
the module and the feed pump specifications. For the experiments presented here, the 
feed pressure was typically set -3.0 barg giving a maximum TMP for the system of 
-2.7 bar.
2.4. Experimental Details
2.4.1. Feed and Filtrate Analysis
The feed beer used in all of these experiments was a commercially produced lager-
type beer. To investigate the application of SGL Carbon membranes in the brewing
industry the beer was filtered after three different levels of processing. Firstly, it was
£=-
filtered post-fermentation (green beer). Secondly, it was filtered post-fermentation 
and post-centrifugation (green beer with the yeast virtually removed). Thirdly, it was 
filtered post-cold conditioning (rough beer). To simulate a situation in which the 
brewery did not centrifuge their product prior to conditioning a further condition was 
also investigated. This was post-conditioning beer with yeast added back. The yeast 
added was re-hydrated from dried brewers yeast and dosed at a concentration of 0.24 
g/litre.
After collecting the beer from the brewery it was stored in a cold store at 4°C. For 
tests on subsequent days, the beer was removed from the system and placed back in 
the cold store overnight. .
The general physical properties of this beer are included in Table 2.1. These
properties are independent of the source from which the beer was collected
Page 7
Confidential Industrial Report 3
Description Commercial
Standard Lager 
pH 4.1 ±0.2
Colour (°EBC) 16 ± 2
Ethanol (% vol./vol.) 6.4 ± 0.2
Bitterness (BU) 20 ± 2
Present Gravity 1.01 ± 0.02
Table 2.1.: Basic properties of the feed beer
These properties where determined by standard European Brewing Congress (EBC) 
methodologies by the research laboratory at BRI. As the brewery have strict 
homogeneity requirements it was assumed that all the beers evaluated in this report 
had the same such properties. However, particle size distributions and concentrations 
will vary dependant upon the level of processing. Feed samples were analysed using 
a Coulter Multisizer He particle size analyser together with a 20pm or a 140pm tube. 
The 20pm tube measures particles at a relatively high resolution, between 0.6pm and 
10pm and is suitable for determining concentration of particles in the beers in which 
there is virtually no yeast. The 140pm is suitable for beers containing yeast and 
quantifies particles in the range 1 -  30pm. A Brookhaven Instruments Photon 
Correlation Spectroscope (PCS) was used to determine particle concentration^ below 
1 pm in size.
The particle size distributions and concentrations of the all feed beers are presented as 
figures 2.3. to 2.6. The sub-micron particle concentrations of the feed beers are 
included with the results from their corresponding filtrate samples in section 3.
2 .5 0 E + 0 5
■2.00E +05
=  1 .5 0 E + 0 5
1 .0 0 E + 0 5
5 .0 0 E + 0 4
8  1 0  1 2  14  1 6  18  2 0
P article S iz e  (tun)
Figure 2.3.: Post Fermentation 
(Green Beer)
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Figure 2.5.: Post Conditioning 
with added yeast 
(Rough Beer and yeast)
Figure 2.6.: Post Conditioning 
(Rough Beer)
2.4.2. Evaluation of the influence of beer source on membrane performance
All experiments were carried out at 5°C with a fixed flux of 100 litres m"2 hr'1 and 
fixed channel crossflow velocities of either 0.5 or 2.0 m s'1. The exact details of the 
experimental conditions specified with each data set.
After completion of each experiment, the rig was cleaned using a 0.02 Wt. % solution 
of sodium hydroxide and rinsed with water. The membrane support module was 
removed and the membranes discarded prior to beginning this cleaning.
All filtrate samples were taken 20 minutes after beginning the experiments. Samples 
of the unfiltered beer were taken at the same times. ^
2.4.3. Colloidal Stability of the Filtrate Samples
In an attempt to determine the colloidal stability (whether the filtered beer will form a 
haze during cold storage), the filtrate sample clarity was measured immediately, and 
then after a storage period of 24 hours at 4°C. This clarity was initially determined 
using the standard European Brewing Convention haze methodology, giving a reading 
in °EBC haze units. However, this technique required large volumes of filtrate and 
therefore was not applicable in all cases. An alternative method, measuring the 
samples absorbance at at 600nm in a spectrophotometer, was used for the smaller 
sample volumes. In later experiments this was also abandoned because of it’s 
inconsistent readings. Sub-micron particle concentrations after the cold storage were 
used in the final batch of experiments. This technique would highlight any increases 
in very small particles which may then go on to form a haze.
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2.4.4. An Additional Study
Upon completion of the study it was requested by SGL Carbon that an additional 
experiment was carried out. The objective of this experiment was to investigate 
membrane performance over several cycles of beer filtration followed by membrane 
cleaning. This study was to be carried out using the beer source that gave the best 
filtration performance in the earlier tests. As the results show in section 3., this was 
found to be post-cold-conditioning beer with added yeast.
5 cycles of fouling followed by in-situ cleaning were carried out. The experimental 
conditions were constant flux of 100 litres m"2 hr'1, temperature of 5°C and crossflow 
velocity of 0.5 m s '1 . Beer filtration was carried out for a total period of 80 minutes 
or until a TMP of 1 bar had been reach, whichever period was the greater. Once the 
beer filtration phase was completed the beer was removed from the system. It was 
replaced with clean water at 10°C. The membranes were cleaned in-situ by 
circulating this water at 0.3 m s '1 over their surface and also by drawing the water 
through the fouled membrane at a flux of 100 litres m"2 hr'1. These cleaning 
conditions were sustained for 15 minutes. After cleaning, the water was removed and 
the same beer returned to the system. A subsequent fouling cycle at exactly the same 
operating conditions could then begin.
Due to time and financial constraints only two filtrate samples were takgn and 
analysed. The initial filtrate sample was taken after 20 minutes into the first fouling 
cycle. The second final filtrate sample was taken 20 minutes after beginning the final 
fouling cycle (500 minutes after commencing the experiment). A feed beer sample 
was also taken. All samples were analysed using the Photon Correlation Spectroscope 
(PCS).
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3. Results
3.1. TMP response curves — Filtration Kinetics
Figures 3.1. to 3.4. show the filtration kinetics produced when filtering the same beer, 
taken from 4 differing sources within the same brewery. In each case, the beer was 
filtered using carbon membranes cut from the same sheet provided by SGL Carbon 
Limited. Experimental runs were carried out at low (0.5 m s '1) and high (1.50 m s'1) 
crossflow velocities and at a fixed flux of 100 litres m'2 hr'1. Temperature was 
controlled at 5°C (± 2°C).
3.1.1. Post-Fermentation Feed Beer
The filtration kinetics are represented by the TMP v’s time responses shown in Figure
3.1. At high crossflow velocity the TMP increased slowly from 0 bar to -0.25 bar 
over a period o f -  15 minutes. After 15 minutes, the TMP increased rapidly to reach 
the ceiling pressure of -  2.7 bar in a further 15 minutes. The total filtration time was 
-  30 minutes. At a low crossflow velocity the pressure increased slowly until again a 
pressure of -  0.25 bar had been reached. This TMP was reached in -  20 minutes. 
After this point, the rate of change of TMP increased and the maximum TMP was 
reached in a further 40 minutes. At this low crossflow velocity the total run lasted -  1 
hour.
3.1.2. Post-Centrifugation Feed Beer
The TMP v’s time response curve is shown in Figure 3.2. AT high crossflow velocity 
the filtration kinetics were very similar to those observed when filtering with post­
fermentation feed beer at high crossflow velocity. The TMP initially rose slowly to 
reach a pressure of -0.25 bar in -  15 minutes. The ceiling TMP of -  2.6 bar was 
reached in a total of 30 minutes. At low crossflow velocity the filtration kinetics 
varied little and the shape of the TMP response was very similar to that observed at 
high crossflow velocity. The total time to reach the limit of -  2.6 bar was slightly 
longer at the lower crossflow velocity. The time required was -  45 minutes.
3.1.3. Post-Cold-Conditioning Feed Beer
The filtration kinetics, represented by the TMP v’s response are shown in Figure 3.3.
At high crossflow velocity the TMP initially increased slowly to reach -  0.25 bar in -
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40 minutes. After this time, the TMP increased rapidly, reaching a maximum of -  2.5 
bar ~ 1 hour 15 minutes after beginning the experiment. At the lower crossflow 
velocity, the results were very similar. The total filtration time was however, slightly 
reduced from -  1 hour 15 minutes to -  1 hours 10 minutes.
3.1.4. Post-Cold-Conditioning Feed Beer with Added Yeast
The filtration kinetics produced when filtering beer of this type are presented in 
Figure 3.4. At a high crossflow velocity the TMP increased slowly to reach ~ 0.25 
bar in 1 hour. After this pressure threshold had been surpassed the TMP increased at 
a faster rate, however, this rate was slower than that which had been observed in any 
of the other experiments using beers from the other sources. The total time for the 
TMP to reach a maximum of -  2.5 bar was -  2 hours 40 minutes. The same test, 
carried out at the lower crossflow velocity of 0.5 m s-1 produced a very similar 
response. Lowering the crossflow velocity did prolong the filtration slightly, 
suggesting an improvement in filtration performance. The time to reach the 
maximum TMP of ~ 2.5 bar was ~ 2 hours 45 minutes.
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3.2. Filtrate Quality
Figures 3.5 to 3.9 show the sub-micron concentrations of the feed and filtrate samples. 
In all cases, the membranes succeeded in removing a significant quantity of the sub­
micron particles. However, only the filtrate samples produced when filtering the 
cold-condition feed beer and the cold-conditioned feed beer with added yeast had 
concentrations similar to that achieved when filtering using conventional 
technologies. In all filtrate samples, crossflow velocity had no influence on the sub­
micron particle concentrations.
The feed beer sub-micron particle concentration varied significantly, depending upon 
which source the beer was taken from. The typical concentrations are shown in Table
3.1.
Beer Source Sub-micron Particle Concentration 
(1000 counts per seconds)
Post-Fermentation 60 ±10
Post-Centrifugation 100 ±10
Post-Cold Conditioning 50 ±10
Post-Cold-Conditioning with added yeast 30 ± 10
if
Table 3.1.: Typical Feed Beer Sub-micron Particle Concentrations 
(Taken from Figures 3.5 to 3.9.)
In the experiments on the cold conditioned feed beer with added yeast, multiple 
filtrate sample were taken. These samples were taken at 40 minute intervals over the 
full duration of the experimental run. The sub-micron concentrations in these samples 
varied little. Only at a low crossflow velocity did the initial sample appear to be 
slightly greater than the rest. This sample was still comparable to the samples 
produced using the conventional filtration technologies.
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Figure 3.8.: PCS Data: Post Cold Conditioning plus Yeast 
Flux: 100 litres m"2 hr"1, Crossflow Velocity: 2.0 m s '1
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Figure 3.9.: PCS Data: Post Cold Conditioning plus Yeast 
Flux: 100 litres m"2 hr"1, Crossflow Velocity: 0.5 m s"1
3.3. Colloidal Stability
The results from an investigation into filtrate colloidal stability are shown in Table
3.2. The results suggest that there is very little increase in turbidity of the beer over a 
24 hour period of storage at 4°C. The only exception to this was an increase in 
absorbance in the filtrate produced when filtering cold conditioned beer at the lower 
crossflow velocity of 0.5 m s'1. At these experimental conditions the clarity of the 
product worsened, the absorbance increased from 0.08 (±0.1) to 0.128 (± 0.1).
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For the post-cold-conditioning and post-cold-conditioning with added yeast 
investigations, colloidal stability was also assessed by re-measuring the sub-micron 
concentrations after the sample had been stored from 24 hours at 4°C. These results 
are shown in a second column in figures 3.7. to 3.9. These data suggested that there 
was no significant change in feed and filtrate sub-micron particle concentrations after 
the storage period.
Feed Beer
Crossflow 
Velocity (m s'1)
Initial
Reading
After 24 
hours @ 4°C
Post-Fermentation
0.5 1.36 EBC N/A
2.0 0.05 Abs 0.07 Abs
Post-Centrifugation
0.5
0.04 Abs 0.02 Abs
1.39 EBC 1.49 EBC
2.0
0.05 Abs N/A
1.43 EBC N/A
Post-Cold Conditioning
0.5 0.08 Abs 0.128 Abs
2.0 0.07 Abs 0.09 Abs
Post-Cold Conditioning 
plus Yeast
0.5 (1) 0.00 Abs 0.09 Abs
0.5 (2) 0.00 Abs 0.08 Abs
0.5 (3) 0.00 Abs 0.08 Abs*
0.5 (4) 0.00 Abs 0.08 Abs
2.0(1) 0.08 Abs 0.08 Abs
2.0 (2) 0.08 Abs 0.07 Abs
2.0 (3) 0.08 Abs 0.08 Abs
Table 3.2.: Filtrate Colloidal Stability Results 
3.3. The A d d itio n a l S tudy
Figure 3.10. presents the filtration kinetics from a repeated fouling experiment carried 
out using post-cold-conditioning feed beer with added yeast. Five cycles were carried 
out. In the first fouling cycle the TMP increased slowly from 0 to ~ 0.35 bar in the 80 
minutes cycle time. After cleaning, the beer filtration was resumed. In this second 
cycle the TMP increased again slowly, reaching a lower TMP of ~ 0.08 in the 80
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minutes. The third cycle produced a very similar response to the second cycle. The 
pressure of -0.08 bar was reached in 80 minutes. In the fourth filtration cycle the 
TMP response was very similar to that seen in the first cycle with a pressure of ~ 
0.3 bar reached in the same cycle time. In the final cycle, the TMP increased at a 
greater rate, reaching ~ 0.5 bar in 80 minutes.
The feed and filtrate sub-micron concentrations from the experiment are shown in 
Figure 3.11. The results suggest that the membrane removed significant quantities of 
sub-micron particles from the feed beer. Results from filtrate samples taken after 20 
minutes (during first cycle) and 500 minutes (during fifth cycle) are comparable. 
These data are also comparable to the sub-micron concentrations observed in the 
samples produced by the brewers’ conventional filtration technologies (Shown in 
Figures 3.5. to 3.9.). The time-dependant stability of the sub-micron concentrations 
was not evaluated.
0.6
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Figure 3.10.: Repeated Fouling Cycles Experiment 
100 litres m"2 hr"1, 5°C, 0.5 ms"1
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Figure 3.11.: PCS Data: Repeated Fouling Cycles Experiment
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4. Discussion
4.1. Filtration Kinetics and Sub-micron Particle Concentrations
The filtration kinetics shown in Figures'3.1. to 3.4. do vary significantly. Of 
. particular interest are the effects upon the kinetics of a change in crossflow velocity.
When filtering post-fermentation beer or post-cold-conditioning beer with added 
• yeast, increasing crossflow velocity appeared to reduce the length o f the filtration run. 
When filtering the post-centrifugation beer or the post-cold-conditioning beer, varying 
the crossflow velocity had only negligible impact on the filtration kinetics. It is 
suggested that the variations in the filtration kinetics can be attributed to variations in 
sub-micron particle concentrations and, importantly, the presence of yeast in the feed 
beer.
From these data, it is possible to postulate that when filtering in the presence of yeast, 
cells are deposited onto the membrane surface. These cells then form a secondary 
layer, shielding the membrane from the smaller particles and macromolecules in the 
beer. The improvement in filtration performance is therefore achieved by a 
combination of increased filtration area as the yeast cells act as a conventional filter 
aid and by a reduction in severe fouling in and around the membrane pores. This 
severe fouling is suggested to be due to carbohydrate, protein and polyphenol 
materials [3, 4]. Protein and polyphenol are present in the feed beers often as 
complexes. Precipitation of these is complex but it is believed to be dependant upon 
temperature, concentration and oxidation state [5]. Carbohydrates present in the beer 
have been shown to form gel-like materials when subjected to high shear [6]. Gel-like 
carbohydrate material such as glucans and pentosans have been associated with 
brewery filtration problems for a number of years [4, 6].
From these data it is impossible to distinguish if the improvement in filtration 
performance observed in Figures 3.1. and 3.4. are due to a reduction in pore/surface 
fouling or due to an increase in filtration area provided by the yeast layer. The results 
clearly suggest that whatever benefits can be gained by yeast deposition, are reduced 
at higher crossflow velocities (1.50 m s'1). There are two probable reasons for this: a 
high bulk flow rate will reduce the probability of yeast cells approaching the 
membrane, higher shear at the surface of the membrane will prevent excessive yeast
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layer build-up. Figures 4.1. and 4.2. are representations of the membrane fouling at 
low and high crossflow velocities.
Yeast
Carbohydrate
Protein/polyphenol
Figure 4.1.: Diagram of fouling in the presence of yeast at low crossflow velocity
Figure 4.2.: Diagram of fouling in the presence of yeast at high crossflow velocity
Variations between the post-fermentation feed beer filtration kinetics and the post- 
cold-conditioning with added yeast feed beer filtration kinetics could be attributed to 
the differences in feed beer sub-micron particle concentrations. The post-cold- 
conditioning with added yeast feed contains significantly less sub-micron particles. 
These particles are in the macromolecule size range and could include protein, 
polyphenol and carbohydrate materials associated with filtration problems. Variations 
in clarity between the two filtrates (Figures 3.5., 3.8. and 3.9.) could also be attributed 
to a higher concentration of sub-micron particles in the feed. Alternatively, the 
variations in clarity could be explained by changes in the physical and chemical state 
of the sub-micron particles. Such changes occur during the cold-conditioning period
[5]. Such changes may promote removal by the carbon membrane.
Yeast
Protein/Polyphenol
|  Carbohydrate
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Experiments performed using post-centrifugation and post-cold-conditioning feed 
beers suggest that when filtering these beers crossflow velocity has little impact on the 
filtration kinetics (Figures 3.2. and 3.3.). This supports the suggestions made above; 
yeast limits fouling and yeast deposition constant flux is dependant upon crossflow 
velocity. Both of these feed beers contained little or no yeast cells (Figures 2.4. and 
2.6.). The slight variation in filtration kinetics observed when filtering with the cold- 
conditioned feed beer could be attributed to a lower concentration of sub-micron 
particles (Table 3.1.). Variations in filtrate quality could also be caused by this 
difference in fed beer sub-micron concentration. Equally as suggested previously, the 
filtrate quality variations may be due to changes in the sub-micron particle properties 
as they matured during the conditioning process.
Consistent filtrate qualities observed in Figures 3.8. and 3.9. suggests that the 
membrane fouling causing the increase in TMP is not reflected by an increase in the 
membrane selectivity. One possible suggestion for these data is that surface fouling is 
controlling the kinetics whilst filtrate sub-micron concentrations is dominated by the 
relationship between the macromolecules (sub-micron particles) and the membrane.
4.2. Colloidal Stability
The effectiveness of the colloidal stability study was compromised by the time 
pressures of the project. With only one exception, it was impossible to differentiate 
between fresh filtrate samples and those that had been stored for 24 hours at 4°C. The 
data from the spectrophotometer and haze meter were echoed in the response from the 
PCS (Figures 3.7., 3.8. and 3.9.). These data suggested that there was no significant 
difference in the sub-micron concentrations of the fresh sample and those that had 
been stored for 24 hours at 4°C. The main problem with the study was that 24 hours 
was not sufficient time. Conventional colloidal stability studies at BRI involve 6 to 
12 months of storage with samples taken monthly for quality assessments. In addition 
to the time constraints of this study, analysis was also limited by the amount of filtrate 
produced in each experiment. The haze meters requires ~ 300 ml per sample, the PCS 
~ 100 ml per sample but the spectrophotometer only ~ 30 ml per sample. The haze 
meter is a brewing standard, the PCS produces probably the most accurate data and 
the spectrophotometer is quickest, cheapest and requires the least volume of sample.
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4.3. The A dd itiona l S tudy
Figure 3.10. shows the TMP response over 5 consecutive, 80 minute runs using cold- 
conditioned feed beer with added yeast. In between each cycle the membrane was 
cleaned using the conditions described in Section 2.4.4. After the initial beer run and 
cleaning, the membrane appeared to foul less readily in the subsequent cycle. This 
would suggest that the membrane had changed slightly during the first 
fouling/cleaning cycle.
The next 4 cycles suggested a gradual build-up of material in or on the membrane 
which cannot be removed by the cleaning procedures. As a consequence, by the last 
fouling cycle the TMP increases at a greater rate.
Filtrate from the first and last cycles were of comparable quality and similar to that 
produced by conventional filtration techniques (Shown in Figures 3.5 to 3.9.). 
Running for 5 cycles, producing a good clarity product at 100 litres m'2 hr"1 and 
reaching a maximum TMP of only ~ 0.5 bar is a very positive result. These data 
suggest that, given this performance could be repeated, SGL Carbon membranes 
could compete with the conventional filtration technologies.
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5. Conclusions
The apparatus has proved effective for evaluating SGL Carbon membrane 
performance. Taking beer from a range of sources within the brewery does have a 
significant influence on both the membrane filtration kinetics and the clarity of the 
filtrate. Four different sources were investigated, representing different levels of 
processing. Of these, filtering with beer post-cold-conditioning with added yeast gave 
the best performance. This beer corresponded to a level of processing very similar to 
that carried out prior to conventional, diatomaceous earth, filtration. The only 
difference is that yeast has been added back to the beer. This makes the beer source 
representative of a brewery that conditions, but does not centrifuge, the fermented 
beer.
For all of the beer sources investigated, the presence of yeast appeared to improve 
filtration performance. It is postulated that this improvement is due to yeast cells 
acting as a conventional filter aid and/or shielding the membrane surface and pores 
from severe sub-micron (macromolecule) particle fouling. When filtering in the 
presence of yeast, increasing crossflow velocity appears to increase membrane fouling 
(represented by an increase in TMP). It is suggested that this is due to the high 
crossflow velocities minimising yeast deposition and hence reducing their beneficial 
effects. When filtering the beers from sources which did not contain yeast, increasing 
crossflow velocity from 0.5 m s'1 to 1.5 m s'1 had no significant impact on the TMP 
responses.
When filtering beer prior to conditioning (post-centrifugation, post-centrifiigation), 
the filtrate produced has a sub-micron concentration greater than that found in the 
control sample. This would suggest that the filtrate quality in these cases is 
unacceptable. When filtering the 2 beer sources post-conditioning, all the filtrate 
sample sub-micron concentrations were comparable to those of the control filtrate 
sample. It is suggested that the better filtrate quality can be explained by a lower 
concentration of sub-micron particles in the feed and/or by changes in the sub-micron 
physical and chemical properties that occur during the conditioning process. The 
quality of filtrates produced from the post-conditioning beer sources did not vary as 
the experimental run progressed. They were consistently good and were highly likely 
to pass initial brewery quality control.
Page 23
Confidential Industrial Report 3
An attempt to study the colloidal stability of the filtrates was unsuccessful. This was 
due to the time pressures of the project and the detection limits of the apparatus used.
In a final fouling/cleaning cycle experiment, the membrane performed very well. 
Over 5 cycles, filtering with post-conditioning beer with added yeast for 80 minutes 
followed by a 20 minute water clean the TMP reached a maximum value of only ~ 0.5 
bar. Filtrate samples taken during the first and fifth cycles were comparable. They 
both had similar sub-micron concentrations to beer filtered using standard, 
diatomaceous earth, methodologies.
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